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ABSTRACT 
  
 Matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF) has become an increasingly popular method for bacterial identification in recent years. 
Contagious Equine Metritis is a venereal disease of equids of international significance 
caused by the gram negative organism, Taylorella equigenitalis. The prescribed test is by 
bacteriological culture, however, due to the slow-growing and fastidious nature of the 
bacteria, culture requires specialized media and extended culture time. In addition, 
differentiation of T. equigenitalis and the closely related Taylorella asinigenitalis from each 
other and from common contaminants of the equine genital tract is difficult and has required 
advanced diagnostics with specialized reagents. This study evaluates the use of MALDI-TOF 
identification for detecting and differentiating individual colonies of T. equigenitalis and T. 
asinigenitalis directly from culture plates, significantly decreasing the time and cost of 
diagnosis. The study compared the effects of varying extraction methods, types of culture 
media and day of culture on the ability to identify these species. This method represents an 
inexpensive, rapid, and accurate new diagnostic tool for Contagious Equine Metritis 
diagnosis. 
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CHAPTER I.  REVIEW OF LITERATURE 
 
The genus Taylorella 
Taylorella equigenitalis is the causative organism of the equine disease Contagious 
Equine Metritis (CEM). Along with the only other known member of the genus, Taylorella 
asinigenitalis, these host adapted bacterial organisms are found only in the genital tract of 
animals of the family Equidae [1, 2]. Taylorella equigenitalis causes endometritis and 
reproductive failure in mares. Many mares clear the infection rapidly and completely while 
others may develop an asymptomatic carrier state in which the bacteria persist on the external 
genitalia [3].  Antibody response is transient during active infection [4] and mares can be re-
infected, albeit with less severe clinical signs [5]. Infection of mares can occur both by 
natural cover and by artificial insemination with frozen or fresh semen [6, 7]. There is 
evidence that semen extenders containing antimicrobials may reduce the numbers of 
Taylorella organisms and reduce transmission [8] but transmission has still been observed in 
mares exposed by artificial insemination with semen containing antimicrobials [7]. Stallions 
develop no clinical signs or serological response but can carry and transmit the bacteria for 
many years [6]. Taylorella equigenitalis can also be transmitted to foals born to infected 
mares and cause asymptomatic colonization [9]. In addition to breeding, fomite transmission 
is a frequent source of the bacterium, either by shared grooming equipment or through 
collection of semen [7, 10-12].  
Taylorella equigenitalis and Contagious Equine Metritis: early history 
CEM was first recognized in the spring of 1977 when an unusual wave of genital 
infection and reproductive failure swept through mares at Thoroughbred horse stud 
2 
 
operations in Newmarket, England. By May of 1977, at least 18 stud farms in England had 
been affected with up to 30% of mares showing signs. Mares developed endometritis with 
cervical and vaginal inflammation and a mucopurulent vaginal discharge resulting in 
infertility and return to estrus as quickly as 48 hours after breeding. Stallions that had been 
bred to the affected mares showed no signs. Aerobic culture failed to isolate any significant 
organisms, but Gram stain of the discharge contained a large number of tiny Gram-negative 
coccobacilli. Further culture work revealed a requirement for supplemental carbon dioxide 
and enriched media and the organism was subsequently isolated from both symptomatic 
mares and asymptomatic stallions. Inoculation of the organism into mares induced clinical 
signs consistent with those observed in the field [13, 14]. The organism was initially named 
as a new species, Haemophilus equigenitalis [15] and was later determined to be a new genus 
and re-named Taylorella equigenitalis [16]. The United Kingdom (UK) rapidly implemented 
a code of practice for testing and treatment in Thoroughbred horses [13]. A number of cases 
were detected in the following years including unbred colts and fillies that were found to be 
culture-positive between 1978 and 1982, leading to inclusion of the offspring of infected 
mares into the code of practice [9]. By 1984, no cases were reported in Thoroughbreds in 
France, Ireland or the UK [17]. The disease has reoccurred in the UK a number of times 
since, primarily in non-Thoroughbred populations, although a Thoroughbred mare that had 
been bred to a non-Thoroughbred stallion by artificial insemination was found to be positive 
in 2012 [10]. The UK still maintains a voluntary code of practice for testing of breeding 
Thoroughbreds [18].  
Review of stud farm records in Ireland suggested that the disease may have been 
present in Thoroughbred populations as early as 1975 [9] and in Australia it was believed to 
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have been present during the 1976 Thoroughbred breeding season  and was confirmed from 
an infertile Thoroughbred mare in 1977 [19]. France halted breeding for 2 weeks in the 
spring of 1978 due to diagnosis of the disease [20] although it was certainly present in the 
country earlier as cases in the US were linked to French Thoroughbreds imported in late 
1977 [21]. A recent report of an outbreak in South Africa suggested that the disease may 
have been introduced into the country in Lipizzaner horses as early as 1948 [22].  
CEM in the United States 
In February and March of 1978 the first United States (US) cases of CEM occurred in 
Kentucky in mares bred to 2 Thoroughbred stallions imported from France in late 1977 and 
an additional stallion believed to have been contaminated through fomite transmission [21]. 
The US had banned all horse imports in September of 1977 but both stallions were imported 
prior to the ban [23]. Kentucky placed a 2 week moratorium on breeding and movement of 
Thoroughbreds and initiated testing and treatment on the affected farms. Overall at least 45 
mares and 5 stallions were culture-positive and more than a dozen additional stallions were 
considered likely to have been contaminated but underwent treatment without culture [21]. In 
1979, the Code of Federal Regulations (CFR) first listed quarantine restrictions for breeding 
Thoroughbreds in Kentucky [24]. In April of 1979, CEM was detected in a group of 
Trakehner horses in Missouri associated with horses imported from Germany prior to the 
import restrictions [25]. In 1981, protocols were put in place for import quarantine, testing, 
and cleaning of stallions from countries affected with CEM, including test breeding to 2 
mares [26] and in 1983, protocols were put in place for testing and cleaning of mares from 
affected countries [27]. A Thoroughbred stallion and 2 mares were diagnosed as positive in 
1982. At the time, the source of infection was unknown but was believed to be either a 
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maiden mare imported from Europe or a mare that had tested positive in 1978, been treated, 
and subsequently tested negative multiple times following treatment [28]. Recent pulsed-
field gel electrophoresis (PFGE) testing found that the PFGE type matches that of one of the 
original 1978 outbreak strains, indicating the domestic mare was the likely culprit [29]. 
Following these cases, the US remained free of the disease until 2006 [7]. 
In 2006, a group of 3 imported Lipizzaner stallions in Wisconsin were found to be 
positive. The incursion was relatively small and trace-back, testing, and treatment quickly 
returned the US to CEM free status [29]. In December of 2008, a domestic stallion with no 
history of travel outside of the US tested positive for CEM during routine semen export 
testing. The USDA launched an epidemiologic investigation that ultimately resulted in more 
than 1,000 horses being tested in 48 states over the course of 2 years. Ultimately, 22 stallions, 
1 gelding, and 5 mares from 8 different states and representing 12 different horse breeds were 
found to be culture-positive for Taylorella equigenitalis. All of the isolates from the affected 
horses were found to have identical PFGE patterns strongly suggesting a single point 
introduction. The most likely source was a Fjord stallion imported from Denmark in late 
2000. The bacterium was transmitted to additional stallions in 2004-2009 via predominantly 
fomite transmission in multiple semen collection facilities. Positive mares were believed to 
have been infected via live cover or artificial insemination with fresh cooled or 
cryopreserved semen. Treatment of the positive horses returned the US to disease free status 
but the outbreak and investigation remain the largest incursion to date of CEM into the US 
[7].  
In 2010 a single Arabian stallion imported into the US from the United Arab Emirates 
(UAE) was found to be CEM positive on routine semen export testing. The horse did not 
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undergo import quarantine and testing because the UAE is considered to be free of CEM. 
However, it was determined that the horse had previously resided in Belgium which is not 
free of the disease. The horse was detected soon after import and no additional cases 
occurred [7]. In 2011, a single domestic Arabian stallion in Arizona was detected as positive 
with no additional positives found on trace-back. In 2013, a 2 year old domestic maiden 
Thoroughbred mare in Florida was detected as positive on serological testing and 
subsequently by culture. In both cases a source was not found for the infection. In 2013, a 
Lusitano mare was found to be positive for CEM from cultures taken for diagnosis of 
infertility in the 2012 breeding season. A total of 11 stallions, 1 gelding, 5 mares and a foal 
were tested and 2 stallions and 1 additional pregnant mare were found to be positive. The 
index stallion was a Lusitano imported from Brazil in 2003. Brazil is considered to be free of 
CEM and the stallion did not undergo import quarantine and testing for CEM. Testing of 
semen straws frozen in 2009 isolated T. equigenitalis in high numbers, indicating long term 
persistence in the index stallion. Trace back could not be conducted further back than 2008 
because of destruction of breeding records.  
In 2010, a voluntary surveillance project of active breeding stallions for CEM was 
conducted by USDA. Of 292 stallions tested in 28 states, none were found positive for the 
disease [7]. Based on this surveillance project and passive surveillance through export and 
semen export testing, the US is currently considered to be free of CEM, although recent 
outbreaks suggest that the disease could remain undetected in some horse populations for 
significant amounts of time. 
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Taylorella asinigenitalis 
In late 1997 a bacterial organism morphologically and biochemically similar to T. 
equigenitalis was isolated from a donkey jack in California. The organism grew more slowly 
than T. equigenitalis and showed weak fluorescence on a fluorescent antibody test that used 
polyclonal antibodies. Similar isolates were found in donkeys, nurse mares, and a stallion in 
Kentucky in early 1998 [30, 31]. Sequencing of the 16S ribosomal genes found 99.8% 
homology within T. equigenitalis strains, but only 97.6% homology between T. equigenitalis 
strains and the new isolates. Combined with results of DNA hybridization, the donkey 
isolates were determined to be of a new species in the genus which was named Taylorella 
asinigenitalis [30]. The California isolate could not be transmitted from donkey jacks to 
mares or cause disease in mares [32] but the Kentucky isolate caused a serological response 
in mares exposed by natural cover [31] and was found to cause a clinical syndrome in mares 
similar to but less severe than CEM when introduced by artificial insemination [32]. The 
organism was isolated from a stallion in Sweden in 2006 [33], donkey jacks, stallions and a 
mare in France between 1995 and 2008 [34] and 2 donkey jacks in Italy in 2009 [35]. In 
2009 a mare being tested for export from the US was found to be culture-positive and in 
2013 a miniature donkey jack being tested for export from the US was culture-positive.  
During a study conducted in Michigan starting in 2006, 4 out of 43 donkeys and 1 
mule presented for castration at Michigan State University College of Veterinary Medicine 
were found to be culture-positive for T. asinigenitalis. The positive donkeys were from 2 
different farms in Michigan. Follow-up testing on the 2 farms found that 25.8% of the 89 
equids present on the farms were culture-positive for T. asinigenitalis [36] suggesting that the 
organism is endemic in at least some US donkey populations. However, because of the lack 
7 
 
of evidence that the organism maintains long term in horses or causes severe transmissible 
disease, T. asinigenitalis is not considered a causative organism of CEM by most countries. 
CEM disease status 
CEM is a World Organization for Animal Health (OIE) listed disease and is a 
regulatory disease in many countries including the US. Between 1977 and 2012, CEM was 
reported in 29 countries worldwide [6]. Several countries including the US, Australia and 
Japan have had previous incursions which were traced and resolved and are considered free 
of disease by the OIE. Currently, only 10 countries are considered by the OIE to currently 
have CEM. However, many others do not conduct any type of surveillance and may have 
undetected and therefore unreported disease [37]. Still others maintain testing standards only 
in certain breeds, Thoroughbreds in particular, including the UK [18].  
A recent outbreak illustrates the potential for the disease to be introduced and spread 
in a country without detection for some time. In South Africa in 2011, T. equigenitalis was 
found in a Warmblood stallion imported from Europe. Epidemiologic trace-back identified 2 
additional stallions and 1 mare. A subsequent surveillance of horses throughout the country 
found an additional 33 positive stallions and 1 mare. All cases were linked to a single 
artificial insemination center, and the disease was determined to have been in the country 
since at least 1996 based on positive isolation and PCR from stored semen samples. The 
suspected source was a group of Lipizzaner horses imported in 1948 and maintained as a 
closed herd until 2001, suggesting the disease may have been introduced into the country as 
early as 1948 [22]. 
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Characteristics of Taylorella species 
Taylorella species are slow growing fastidious bacteria, requiring 5-10% 
supplemental carbon dioxide and a chocolated blood media [14] for optimal growth. Both 
species are relatively biochemically inert, displaying only catalase, oxidase, and alkaline 
phosphatase activity [15]. On Gram stain they are small Gram negative coccobacilli, 
occasionally more rod-like in young or old cultures. Taylorella species do not grow on blood 
agar when incubated for 48 hours at 37 ºC without supplemental carbon dioxide, a test 
referred to as the aerobic growth test.  
The antimicrobial susceptibility profile of isolates of T. equigenitalis varies slightly 
but they are largely susceptible to a wide variety of antimicrobials with no evidence of 
increasing resistance over time. Early studies found that T. equigenitalis isolates were 
resistant only to clindamycin, lincomycin, sulphamethoxazole, trimethoprim and 
streptomycin [15, 16]. It was soon recognized that strains varied only by streptomycin [21]. 
More recently, isolates from the 2008-2010 US outbreak were compared to historical isolates 
and the only antimicrobial where isolates varied in susceptibility was streptomycin [7]. 
Hitchcock et al. (1985) found that T. equigenitalis forms a thin layer of extracellular 
material over colonies on agar plates. The exact composition of this layer has not been 
determined, but it likely contributes to Taylorella cultures being difficult to suspend and lyse 
cells. When stained, the layer appeared to be composed of bundles of fibrils. [38].  
T. equigenitalis was found to have pili-like structures in vivo which were believed to be used 
for attachment to uterine epithelium [39]. Recent sequencing information suggest that these 
may be Flp pili [40]. Both T. equigenitalis and T. asinigenitalis produce lipopolysaccharide 
(LPS). Taylorella equigenitalis isolates share a single LPS structure which differs from that 
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of T. asinigenitalis. T. asinigenitalis, however, has been shown to have several different LPS 
structures in different strains [41].  
Genome sequencing has offered new insight into the metabolism and phenotype of 
Taylorella species. Both species have a relatively small genome size of approximately 1.6-
1.7 Mb. Hébert et al. (2012) and Hauser et al. (2012) each compared sequences of  
T. equigenitalis and T. asinigenitalis. In both cases, the authors found that the two species 
were very similar with 74-45% homology between T. equigenitalis and T. asinigenitalis. 
While Hébert et al. noted that each species had distinct genetic features predominated by 
areas between mobile genetic elements, by contrast, Hauser et al. described the differences as 
being composed of multiple small insertions and deletions relative to each other. This 
discrepancy may either be due to differences in the isolates tested or to the assembly method 
as Hauser et al. used an incomplete draft genome of T. asinigenitalis with 37 contigs for their 
analysis and Hébert et al. used a sequence of T. asinigenitalis that had been assembled  
de novo into a single contig. Interestingly, Hauser et al. also found several relatively large 
areas of difference between 3 different strains of T. equigenitalis which included a number of 
genes including CRISPR  loci, Cas proteins, and a number of putative genes of unknown 
function [40].  
Both publications found that both species have a complete TCA cycle but lack 
pathways necessary for conversion of glucose to pyruvate. Hébert et al. found that Taylorella 
species are able to metabolize only glutamate, ɑ-ketoglutarate and malate as carbon sources, 
providing a likely explanation for the slow growth of the organism and the necessity for 
enriched media. Both authors found that T. equigenitalis and T. asinigenitalis had a number 
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of genes for adhesins, important for colonization and likely a factor in the ability of both 
organisms to survive long term in the equine reproductive tract.  
Hébert et al. suggested several reasons why T. equigenitalis is more pathogenic than 
T. asinigenitalis. Both species had type 2, type 3, and type 6 secretion systems, while only T. 
equigenitalis had a type 4 secretion system. Taylorella equigenitalis had lactoferrin and 
transferring receptors and was expected to have better iron utilization from the host. Finally, 
T. equigenitalis had a gene similar to Hsp60 protein which acts as a cell surface invasion 
factor. Hauser et al., however, suggest that the presence of similar adhesins and T6SS in both 
species, along with detection of T. equigenitalis in animals without clinical signs suggest that 
both species are not extremely pathogenic and require predisposing factors for disease to 
occur [40, 42]. 
Current diagnostic methods for Taylorella 
The prescribed method for CEM diagnosis is by culture and identification of the 
agent. Samples are collected on swabs and transported to the laboratory in transport media 
containing charcoal. Samples must be kept cool during transport and plated within 48 hours 
of collection to minimize death of the Taylorella organism. Samples are plated to an agar 
containing 5% chocolated horse blood and a selective agar with 5% chocolated horse blood 
that contains amphotericin B, clindamycin, and trimethoprim. The plates are incubated at  
37 ºC with 5-10% supplemental carbon dioxide for a minimum of 7 days. Taylorella suspect 
colonies are screened by oxidase, catalase, alkaline phosphatase, gram stain and aerobic 
growth tolerance test. Tests including slide agglutination, indirect or direct fluorescent 
antibody test, polymerase chain reaction (PCR) and 16S ribosomal sequencing are used to 
confirm and speciate Taylorella species [43]. 
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Various serological tests are available but serology is typically only utilized in 
conjunction with culture. Stallions do not develop an antibody response to the organism and 
serology is of no value for testing stallions. Mares develop a transient antibody response 
between 21 and 45 days post-exposure so the complement fixation test can be used during 
this time. Most frequently, this test is useful combined with culture following test breeding of  
negative mares to potential carrier stallions [43].  
Use of PCR has become increasingly common for detection of Taylorella. While it 
still cannot approach the sensitivity of test breeding, several assays have been found to have 
sensitivity equivalent to or better than direct culture. The first described PCR used primers 
based on the 16S ribosomal sequence. It was used to test genital swabs, cultures, and mixed 
cultures directly from culture plates. The authors found that the most sensitive detection was 
by extracting DNA from mixed growth collected from 2-6 day culture plates [44]. Anzai et 
al. (1999) developed a PCR based on a 756 base pair segment of genomic DNA that did not 
hybridize with Oligella urethralis, a member of the closest genus to Taylorella [45]. The 
Anzai PCR was used as part of the eradication program for CEM in Japan, initially in 
conjunction with culture and later as the sole test used [46, 47]. Following the discovery of T. 
asinigenitalis, several PCRs were developed that used differential primers to distinguish the 
species [7, 48]. Qiagen developed a commercial assay that detected T. equigenitalis and 
excluded T. asinigenitalis. Field trials demonstrated similar sensitivity to culture [49] and use 
of the assay is allowed in the UK for purposes other than import or export [18]. More 
recently, a 16S ribosomal gene based PCR was developed that had separate primers for T. 
equigenitalis and T. asinigenitalis and was found to have similar sensitivity to culture in field 
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trials [50]. In South Africa in 2011-2013, a PCR based on the Wakeley publication was used 
in conjunction with culture in a large national surveillance program [22].  
Typing methods for Taylorella 
 Typing of Taylorella isolates is important during outbreak investigations for 
determining origin of the disease and determining if there is a point source of infection. 
Streptomycin is the only antimicrobial that varies between strains and has traditionally been 
used for typing [7]. Pulsed-field gel electrophoresis (PFGE) has been widely used for 
characterization of Taylorella isolates [29, 51, 52] and provides good resolution between 
epidemiologically unrelated isolates with identical patterns in epidemiologically linked 
isolates of T. equigenitalis [29]. More recently, a multi-locus sequence typing (MLST) 
scheme was developed that types 7 housekeeping genes in T. equigenitalis and T. 
asinigenitalis. The test was found to have significant discriminatory power [53]. Recently, a 
repetitive extragenic palindromic (REP) PCR was developed that had a high level of 
agreement with PFGE but was less discriminatory [51]. Finally, whole genome sequencing 
(WGS) is being performed more frequently on Taylorella isolates [42, 54-56] and represents 
a highly discriminatory typing method that has great potential for the future. 
 
MALDI –TOF bacterial identification 
Matrix assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF MS) is a mass spectrometry method used for high molecular weight biological 
molecules, proteins in particular. The proteins are embedded in a crystalline matrix and a 
pulsed laser is used to induce desorption and ionization of the intact molecules. The proteins 
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are accelerated with an electrical field and detected at the end of a long tube where the mass 
of the protein is determined by the time required to transverse the tube [57].  
Use of MALDI-TOF for bacterial identification 
The first investigation of mass spectrometry as a method for identifying bacteria 
based on their mass spectra was reported in 1975 [58]. As early as 1994, MALDI-TOF mass 
spectrometry was seen as a potential method for identifying bacteria using proteins extracted 
from cells after sonication, centrifugation, and ethanol precipitation [59]. In 1996, Holland et 
al. reported the same technique could be used on intact bacterial cells. They compared 5 
different genera of bacteria, as well as comparing 3 species within the same genus using 
visual comparison to reference spectra. They found that both different genera and different 
species within a single genus could be differentiated and theorized that statistical modeling or 
the use of computer algorithms could be used to perform more finely tuned identification to 
the species level [60]. Williams et al. refined methods for bacterial inactivation and matrix 
composition to optimize the quality of spectra. They found that inactivation and storage of 
the bacteria in 70% ethanol and the use of α-Cyano-4-hydroxycinnamic acid (HCCA or 
CHCA) matrix dissolved in 50:50 acetonitrile and water with 2.5% trifluoroacetic acid 
produced the best spectra [61].  
In April of 2006, Bruker Daltonic announced the release of a rapid microbial 
identification system using very similar test conditions to those used by Williams et al. The 
bacteria are spotted directly onto a metal plate and covered with HCCA matrix. The spectra 
are acquired using a MALDI-TOF mass spectrometer at a frequency of 20-200 Hz in linear 
positive mode. The mass range is measured from 2,000 to 20,000 Da, a mass range that 
primarily detects highly abundant relatively small proteins such as ribosomal proteins. The 
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major addition was a software interface called Biotyper that matched the acquired spectra to 
a library composed of known bacterial spectra and assigned a species identification [62]. The 
software corrects mass deviations using a recalibration algorithm which improves the 
robustness of the method [62]. The software then uses 3 characteristics to match unknown 
sample spectra to a library of spectra from known bacterial organisms. First, it matches the 
number of signals in a reference that have a close match in the unknown and assign a value 
between 0 (no matches) and 1 (perfect match). Second, it matches the number of signals from 
the unknown that are also in the reference and assigns a value from 0 to 1. Finally, it 
measures symmetry – whether the intensity of the common signals between the reference and 
unknown are similar and assigns a value from 0 to 1. The scores are multiplied and 
normalized to the log of 1,000, giving a maximum score of 3 [63]. A report is generated with 
a list of the 10 highest scored matches in the library for the unknown organism and the 
individual match scores. A score of 2.3-3.0 is considered a highly probably species level 
match. A score between 2.0 and 2.229 is a probable species level match with solid genus 
identification. A score from 1.7-1.999 is a probable genus level match and below 1.7 is 
considered not reliable identification. [63]. More practically, breakpoints are typically drawn 
at 2.0 for species level identification and 1.7 for genus level identification. Several studies 
have further lowered these breakpoints for specific organisms or classes of organisms [64, 
65] or for general testing of all bacteria [66]. 
A key factor in good identification of an unknown organism is to have sufficient 
library entries for that organism. Murugaiyan et al. (2014) found that addition of 60 diverse 
reference spectra from the Staphylococcus intermedius group significantly improved the 
ability to differentiate between the closely related species [67]. After creating a library 
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composed of Streptococcus iniae isolates, which were then absent from the Biotyper library, 
Kim et al. (2017) found that 89 isolates of S. iniae correctly identified, compared to initial 
results in which 82 of the isolates did not identify and 7 identified only as Streptococcus 
species with the standard library [68].  
A number of factors can affect the reproducibility of MALDI-TOF spectra and 
potentially confound identification of bacteria. The media type the isolates are grown on, 
incubation time and growth conditions may all have an influence. In addition, characteristics 
of the bacteria themselves including cell wall composition, pigment, capsule, or degree of 
sporulation may affect the reproducibility of spectra. 
Non-selective nutritive media appear to have minimal effect on the mass spectrum 
profile. Valentine et al. (2005) tested several organisms on 4 different non-selective media 
using a custom algorithm. They tested between 200 and 2,000 m/z and found that although 
there were differences in the spectra produced on different media, the majority of peaks were 
consistent and the change in media did not affect identification [69]. A study of isolates of 
Clostridium found that while the degree of sporulation affected the mass spectrum profile, 
the use of 3 different non-selective media did not [70]. Sedo et al. compared Lactobacillus 
grown in 2 non-selective broths and a non-selective blood-containing agar and found that all 
3 media produced correct identification to species level [71]. 
Although the researchers only measured from 500 to 4,000 m/z, a study of 
methacillin resistant Staphylococcus aureus grown on Colombia agar with 5% horse blood, 
mannitol salt agar with and without methacillin and Colombia agar with and without 
methicillin found that the plain Colombia agar and Mannitol salt agar with methacillin 
produced the most consistent spectra, but the selective media tended to produce far fewer 
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peaks than the Colombia agar with 5% horse blood. They also identified a number of peaks 
associated with components of the media and the matrix.  While most of these peaks 
occurred below the currently used threshold of 2,000 m/z, the blood containing medium had 
several media associated peaks between 2000 and 3,000 m/z, within the range used by the 
MALDI Biotyper system [62, 72]. 
More recent studies have focused on selective and chromogenic media used for 
primary isolation. One such compared the scores and identification confidence level for 
several categories of isolates. They tested Pseudomonas isolates on 3 different media, enteric 
isolates on 5 media, and Staphylococcus isolates on 3 media. The results indicated that the 
medium they were grown on could affect the scores and identification when isolates were 
tested directly on the target instead of undergoing ethanol-formic acid extraction first. They 
found that this effect was especially pronounced in Pseudomonas isolates cultured on 
MacConkey agar or Pseudocel agar and Staphylococcus isolates cultured on colistin-nalidixic 
acid agar. Performing ethanol-formic acid extraction on the isolates eliminated the 
difference. The authors suggested that the differences in Pseudomonas may be attributable to 
the more mucoid growth produced on those media or pigment present in the MacConkey 
media [73]. Martiny et al. compared 4 different selective media and 1 non-selective medium 
for testing of Campylobacter species from 24 to 120 hours. They found that at 24 hours, there 
was minimal media effect. The media differed over time with a notable difference by 96 
hours. Interestingly, the medium that performed the best was a selective medium containing 
amphotericin B, cephalothin, trimethoprim, vancomycin and polymyxin B and the medium 
that performed the worst was also a selective medium containing cefoperazone, rifampicin, 
amphotericin B and colistin [74], suggesting that the presence of antibiotics was likely not 
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the cause of the difference in results unless a specific antibiotic was responsible. A study of a 
broad range of bacterial species grown on various chromogenic media found a slight but 
significant decrease in scores in isolates grown on chromogenic media when tested with an 
on-plate extraction with formic acid. This was more pronounced with selective chromogenic 
media for methicillin-resistant Staphylococcus aureus but almost nonexistent for Salmonella 
selective chromogenic media. The authors suggested that selective media that relied on 
acquired resistance may put more growth pressure on the organism and poor growth of an 
isolate on a medium may cause more effect than the actual components of that medium. 
Despite the score differences, they found overall that identification to species level was not 
significantly affected by the media type [75]. 
The incubation time and temperature of isolates has also been found to affect 
identification by MALDI-TOF. Campylobacter cultures that were incubated at 37 ºC and  
42 ºC and tested at 5 time points between 24 hours and 120 hours were found to have a 
higher rate of correct identification within the first 72 hours. The decrease in identification 
was more pronounced when incubated at 42 ºC than at 37 ºC [74]. Sedo et al. found that 
strains of Lactobacillus grown at 37 ºC could be discriminated better than if grown at 22 ºC. 
In addition, they found that isolates tested after 7 days of incubation produced visible 
deterioration in the spectra or failure to obtain any peaks compared to the same isolates at 
day 1 or 2 [71]. 
Characteristics of the organism may also affect identification. Buskirk et al. noted that 
melanistic Aspergillus niger produced very poor MALDI-TOF spectra. They found that 
melanin suppressed spectral peaks both when naturally occurring in fungal samples and when 
spiked into other samples and that the fungus produced acceptable spectra when melanin 
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production was suppressed [76]. Mycobacterium and Nocardia species both have a mycolic 
acid rich cell walls, which make lysis by chemical methods more difficult and often 
necessitate additional extraction steps including physical disruption to obtain good spectra 
[77, 78]. Grosse-Herrenthey et al. (2008) found that the degree of sporulation in Clostridium 
isolates significantly affected the mass spectrum profile [70]. However, Maier et al. (2006) 
report that while spores produce different mass spectra from vegetative cells, both the 
vegetative and spore spectra are reproducible [62]. Heavily encapsulated organisms may also 
result in poorer extraction and therefore poorer spectra and identification [79, 80]. 
Subtyping of isolates by MALDI-TOF 
MALDI-TOF represents an intriguing method for further typing of isolates below the 
species level. However, results have been mixed and typing schemes are often difficult to 
interpret or dependent on a single mass peak, expression of which may be variable depending 
on media or conditions. Genetic acquisitions that may significantly affect virulence or 
resistance often cannot be detected because they are mediated by very large proteins outside 
the detection range used for Biotyper. In addition, interpretation is limited to the strains used 
to develop the typing method and failure to include all possible strains may result in false 
identifications [81].  
The Biotyper software includes 3 tools for evaluating differentiation and potential for 
typing of measured organisms. A dendrogram can be constructed using the similarity scores 
between each mass spectrum. Dendrograms are shown on a relative scale of 1000, regardless 
of the degree of difference between organisms [62, 63]. Murugaiyan et al., (2014) compared 
the dendrogram generated in Biotyper with a dendrogram generated from sequencing of 4 
housekeeping genes for differentiating closely related members of the Staphylococcus 
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intermedius group and found very good correlation, suggesting the method could separate the 
closely related species. The use of known out-group species was used to provide a reference 
on the relative scale [67]. In contrast, Alispathic et al., (2017) found that some species of 
Avibacterium were not well separated on a dendrogram and either could not reliably be 
speciated by MALDI-TOF or did not truly represent separate species [82]. Kim et al., (2017) 
performed clustering analysis of Streptococcus iniae isolates including isolates that had 
previously been separated using PFGE. They identified 3 clusters and manually identified a 
subset of peaks that consistently separated those clusters. They found, however that isolates 
with identical PFGE type classified into different clusters, suggesting either the clusters were 
confounded by other factors or that genotype and phenotype do not always produce the same 
clustering [68].  Kuhns et al., (2012) used phylogenetic trees to evaluate whether Salmonella 
enterica serovar Typhi could be reliably differentiated from other Salmonella serovars and 
found that although many Typhi isolates clustered in a single group, there was also mixture 
between Typhi and other serovars within other groups and analysis using the Biotyper 
software did not consistently separate Typhi from non-Typhi isolates [83]. A second 
subtyping method available in the Biotyper software is a principal component analysis (PCA) 
clustering tool. It uses a multivariate analysis of the intensity of the mass to charge ratio 
(m/z) to identify trends in the data. The PCA analysis can be viewed as clustering plots or 
dendrograms [63]. Finally, a composite correlation index (CCI) tool divides each spectra into 
discrete intervals and compares presence or absence of peaks in each interval to generate a 
match score between 0 and 1. CCI are viewed as a heat map comparing each spectra or as a 
match list similar to that used by the biotyper software [63].  
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Another method that has been widely used is identifying individual peaks common to 
one subtype but absent in other subtypes, typically using ClinProTools software. Camoez et 
al. (2016) classified methicillin resistant Staphylococcus aureus isolates belonging to 4 
different clonal complexes using this method. They identified 11 peaks that could be used to 
differentiate between the different clonal complexes. They created a subtyping library in the 
Biotyper software in which all peaks for the individual subtypes except for the 11 used for 
differentiation were weighted at 0 and therefore not included in analysis. They found that 
98.9% of isolates correctly identified using this scheme, but noted a potential confounding 
factor because other clonal subtypes that were not included in their scheme shared peaks that 
were used to differentiate their subtypes. As a result, unless all possible clonal complexes 
were included in library building, there was potential for misclassification [84]. Nakano et al. 
(2015) developed a tool for serotyping the 10 most common serotypes of Streptococcus 
pneumoniae based on unique peaks. They found that the number of isolates used to create the 
model as well as degree of genetic difference impacted the sensitivity of subtyping but found 
that overall there was greater than 95% sensitivity with the method. They also noted that the 
inclusion of all serotypes would decrease the potential for misidentification based on shared 
peaks between serotypes [85]. Kuhns et al. visually identified 3 major and several smaller 
peak differences between Salmonella Typhi and several other Salmonella serovars [83]. 
Dieckmann et al., (2011) used a more refined analysis of Salmonella serovars using ROC 
analysis and identification of specific marker peaks for different serovars and evaluated the 
method for identifying 5 common serovars. They found that 3 serovars, Typhimurium, 
Virchow, and Infantis were correctly identified 100% of the time. However, when testing 
serovars Enteritidis and Hadar, the method failed to detect several isolates that were missing 
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the peaks used as markers, suggesting the marker proteins being used were not universally 
expressed under all conditions [86]. Clark et al. (2013) attempted to identify markers for 
different pathotypes of Escherichia coli using CCI. They found that a combination of 
absence and/or presence of specific peaks within a mass range was the most reliable method 
for differentiating pathotypes. The method had high sensitivity but variable specificity 
depending on the pathotype. The use of multiple marker regions for each pathotype ranging 
from 5 to 14 regions made the method more robust than if a single peak determinant was 
used [87]. 
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CHAPTER 2.  INTRODUCTION 
 
In recent years, MALDI-TOF mass spectroscopy has become a popular method for 
identification of various organisms. Several commercial systems have been developed which 
standardize methods and compare unknown organisms against a database or library of known 
organisms. One early system by Bruker, the MALDI Biotyper, has become extremely 
popular for diagnostic veterinary bacteriology. The bacteria are either spotted directly onto a 
metal target or subjected to cellular lysis and extraction of proteins which are spotted onto 
the target. The spot is then overlaid with a crystalline matrix which mixes with the proteins 
and a laser and detection tube are used to determine the mass/charge ratio and relative 
abundance of the proteins in the bacteria [57]. The produced spectrum is normalized and 
compared to a library of known organisms, producing a set of scored matches which are 
interpreted to provide organism identification. While the initial instrument and software cost 
is relatively high, the entire test process can be done from a single colony, take as little as 10 
minutes to complete and costs less than a dollar per isolate in consumables. As such it has 
significant advantages over biochemical or molecular identification in the ability to screen 
more colonies earlier in the test process and at lower cost. Recent studies have also evaluated 
methods of subtyping of bacteria with varying amounts of success using the spectra produced 
by MALDI-TOF [62, 68, 81, 83-87]. While some studies found consistent markers, others 
found results were either inconsistent or limited in scope to isolates in the original dataset.  
Taylorella equigenitalis is the causative organism of Contagious Equine Metritis 
(CEM), which causes endometritis and reproductive failure in mares. Stallions act as 
inapparent carriers and signs in mares can vary from significant inflammation with vaginal 
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discharge and failure to conceive to complete absence of signs [7, 13]. Following infection, 
most mares recover completely, however, a small number become colonized on their external 
genitalia and become inapparent carriers [14]. The only other member of the Taylorella 
genus, Taylorella asinigenitalis, is naturally found on the genitalia of donkeys, but can be 
transferred to horses and produce less severe disease similar to CEM [30]. Contagious 
Equine Metritis is an OIE listed disease and can have significant economic and trade 
consequences when introduced into a country, particularly in the Thoroughbred breed. 
Because horses can carry the bacterium for long periods of time in low numbers, once 
introduced into a country it can spread undetected for some time. An outbreak in the US in 
which the index case was detected in late 2008 was attributed to a horse imported in late 
2000. In the course of the subsequent investigation, more than 1,000 horses were traced and 
tested over the course of 2 years in order to return the country to disease free status [7].  
Taylorella species are slow growing and fastidious, and the prescribed test method for 
international movement is by bacteriological culture with exacting sample collection, 
transport, and culture requirements [43]. Culture requires enriched media, supplemental 
carbon dioxide and extended incubation of 7 days or more. Suspect isolates are typically 
screened with a small number of biochemical tests and must be confirmed using specific tests 
such as latex agglutination, PCR, fluorescent antibody test, or ribosomal or whole genome 
sequencing [43]. The species are morphologically very similar and are nearly impossible to 
differentiate without advanced diagnostics. In addition, T. asinigenitalis may react variably 
on fluorescent antibody and latex agglutination tests, leading to failures in detection or 
misdiagnosis as T. equigenitalis.  
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The MALDI Biotyper library currently contains 3 library entries for T. equigenitalis 
and 1 entry for T. asinigenitalis. A preliminary analysis of the Biotyper system for 
identification of Taylorella species found that while the 2 species produced correct identity 
matches from the included library matches, the confidence scores were low and the spectra 
were of poor or inconsistent quality. Several studies have found that increasing the number of 
Biotyper library entries for a specific organism can significantly improve the confidence of 
identification of that organism [67, 68]. In addition growth characteristics of the organism, 
age of the culture and the growth media used can also impact the quality of identification [62, 
69-80]. 
The objective of this study was to evaluate MALDI Biotyper as a tool for 
identification of T. equigenitalis and T. asinigenitalis and further develop and validate a 
library for identification of Taylorella species. Because Taylorella species have a layer of 
extracellular material [38] that makes lysis difficult, this study also compared different 
extraction methods. Finally, the study evaluated day of culture and media used as these 
factors have been shown to affect identification. Currently, confirmatory identification of 
Taylorella species at the National Veterinary Services Laboratories (NVSL) is done by 
species specific PCR, fluorescent antibody test, and ribosomal sequencing, is labor intensive, 
and requires between 6 hours and 2 days to complete as suspect colonies must be re-struck to 
obtain sufficient growth for testing. Typing of isolates is done by PFGE and WGS and can 
take up to a week to complete. Identification by MALDI-TOF could reduce that time to less 
than an hour for a confirmatory diagnosis and could potentially be done directly from the 
suspect colony on the culture plate. In addition, the ability to rapidly test individual colonies 
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would allow the testing of significantly more colonies from culture plates, increasing the 
potential of detection of very low numbers of bacteria. 
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CHAPTER 3.  MATERIALS AND METHODS 
 
Isolates. All isolates were obtained from the NVSL reference collection. Taylorella 
isolates used in this study are listed in Table 1. Taylorella equigenitalis isolates were 
acquired from 3 primary sources; from reference collections such as American Type Culture 
Collection (ATCC), from horses cultured as a part of domestic investigations of CEM cases 
and from culture-positive horses in import quarantine. One isolate was selected from each 
horse or stallion including test mares. Taylorella asinigenitalis isolates were obtained from 
testing of domestic equids in the US or from reference collections such as ATCC. All 
Taylorella isolates were previously fully characterized including PFGE testing and whole 
genome sequencing. Non-Taylorella isolates are listed in Table 2. Non-Taylorella isolates 
were selected from available isolates in the NVSL collection and included 3 categories of 
isolates. Up to 5 isolates of each available species in the closely related genera Alcaligenes, 
Achromobacter, Bordetella and Pelistega were included. As the most closely related genus, 
all available isolates of Oligella species were included. A set of isolates either submitted for 
confirmatory Taylorella testing or isolated at the NVSL that mimicked Taylorella visually 
and/or biochemically were included. Finally, isolates representing normal flora that may be 
isolated from equine genital samples were included. Non-Taylorella isolates were previously 
identified via a variety of methods including biochemical identification, 16S sequencing, and 
MALDI Biotyper.  
Biotyper analysis. Samples were applied to 384 spot polished steel targets and 
overlaid with 1 µl HCCA matrix. As a control, 1 µl of bacterial test standard (BTS) was 
spotted in duplicate, allowed to dry and overlaid with 1 µl HCCA matrix. The target was 
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loaded onto an Autoflex Speed MALDI-TOF MS and one spot of the BTS was used for 
calibration in FlexControl software. Each spot was tested using Biotyper 3 software with the 
MBT_Autox_smart method. 
MSP creation. Mass spectrum profiles (MSPs) were prepared using MALDI 
Biotyper methods [88]. Protein extraction was performed as described for each method. A 
total of ten 1 µl spots of supernatant were spotted to a target and allowed to dry before being 
overlaid with 1 µl HCCA matrix. For calibration, 1 µl BTS was spotted in duplicate, allowed 
to dry and overlaid with 1 µl HCCA matrix. The target was loaded onto an Autoflex Speed 
MALDI-TOF MS and one spot of the BTS was used for calibration in FlexControl software. 
Spectra were collected using the autoXecute method of MBT_AutoX and flexAnalysis 
method of MBT_Standard. Three spectra were collected from each of the 10 spots for a total 
of 30 spectra. The spectra were viewed in FlexAnalysis software and smoothing and baseline 
subtraction applied. The 30 spectra were overlaid and flat line spectra, outliers with very high 
or low intensities, and spectra with mass shifts or other anomalies were deselected and 
recorded for removal. Up to 10 spectra were removed leaving a minimum of 20. The spectra 
were then loaded in MALDI Biotyper 3 offline client software. The spectra flagged for 
removal were removed from the list and the remaining spectra were used to create a mass 
spectrum profile (MSP). The automated MSP creation process was applied which includes 
smoothing, baseline subtraction, detection and normalization of peaks, and evaluation of 
peaks. The newly created MSPs were subjected to quality control checks. First, the MSP was 
selected and all of the spectra used for its creation were searched against it. Each spectrum 
was required to have a match score equal to or greater than 2.7. Secondly, the peak list for 
the isolate was viewed. A minimum of 70 peaks were detected and all peaks had a frequency 
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of 75% or greater. In addition, all MSPs were tested against the standard Bruker commercial 
library (BDAL) to confirm that they did not match any organisms other than their own 
species with a score higher than 1.7. MSPs that did not meet quality criteria were removed 
and a new extraction performed from a fresh culture. 
Extraction method comparison. A total of 10 protein extraction methods were 
selected for initial evaluation using T. equigenitalis TE-003 (Table 3). The isolate was 
incubated at 37 ºC with 5% carbon dioxide on Eugon agar for 24 and 48 hours and Modified 
Timoney-Shin (MTS) agar for 48 hours for evaluation. Two spots of each method-culture 
combination were prepared on a 384 spot polished steel target and spectra created using the 
MBT_AutoX method. All spectra were loaded in FlexAnalysis software for evaluation. 
Smoothing and baseline subtraction was performed. The spectra were then visually examined 
and the methods yielding the highest quality spectra were selected for further evaluation.  
Comparison testing was performed with T. equigenitalis TE-001, TE-002, and TE-
003, T. asinigenitalis TA-001 and E. coli ATCC 25922 grown on Eugon agar and MTS at  
37 ºC with 5% carbon dioxide and Staphylococcus warneri ATCC  27836 grown on Eugon 
agar at 37 ºC with 5% carbon dioxide. Methods 4, 6a, 10, 7a, 7b, and 8 were performed and 
spotted in duplicate on days 1-7 from Eugon and days 2-7 from MTS. Three replicates of 
each test were performed on different dates. A library was built using MSPs created using the 
extraction based methods 4, 6a, and 10 with T. equigenitalis TE-001, TE-002, and TE-003 
and T. asinigenitalis TA-001. Because not all of the methods were able to produced library 
entries meeting the quality control criteria, the criteria for library entry quality control were 
reduced to a minimum score of 2.6 and up to one peak with frequency less than 75%. Each 
isolate was inoculated onto Eugon agar and MTS agar and incubated for 48 hours at 37 ºC 
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with 5% carbon dioxide for MSP creation. Biotyper analysis was performed using the custom 
library and the BDAL library. 
For method 4, a 1 µl loop of culture was placed in a micro-centrifuge tube containing 
250 µl of 100% ethanol with 50 µl of sterile 0.1 mm glass beads. The loop was used to break 
up the cells and the tubes were subjected to 15 minutes of agitation on a bead beater. The 
samples were centrifuged at 9,447 x g for two minutes, the ethanol removed and the beads 
and cells re-suspended in 50 µl of 70% formic acid. The tubes were then vortexed for 5 
minutes, 50 µl acetonitrile added and vortexed for 5 additional minutes. The extracts were 
centrifuged at 9,447 x g for two minutes and 1 µl of supernatant spotted to a target in 
duplicate, allowed to dry, and overlaid with 1 µl HCCA matrix. 
For method 6a, NECLC, a 1 µl loopful of bacteria was added to 300 µl sterile water 
in a microcentrifuge tube and vortexed to suspend. Next, 900 µl of 100% ethanol was added, 
vortexed briefly and centrifuged at 20,000 x g for 3 minutes. The supernatant was removed 
by pipetting and the pellet allowed to dry for 5-15 minutes before adding 50 µl formic acid 
and 25-50 µl sterile 0.5 mm glass beads. The tubes were vortexed vigorously for 1 minute 
and left at room temperature for 10 minutes before adding 50 µl acetonitrile. The tubes were 
vortexed for 1 minute before centrifugation at 20,000 x g for 3 minutes. The supernatant was 
spotted onto a target in duplicate with 1 µl per spot and overlaid with 1 µl HCCA matrix 
once dry. 
Method 7a and 7b were performed by suspending a scant 1 µl loop of culture in 50 µl 
sterile water. The tube was vortexed for 30 seconds and 1 µl spotted onto a target in 
duplicate. For method 7a, once dried each spot was overlaid with 1 µl of 70% formic acid 
and allowed to dry. The dried spots were then overlaid with 1 µl HCCA matrix.  
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Method 8, direct transfer, was performed by using a single sterile flat toothpick to 
pick up 1-2 colonies of culture and spotting a thin layer of material on two adjacent spots on 
a target without picking up additional culture in between. The spots were then overlaid with  
1 µl HCCA matrix. Method 9, extended direct transfer, was performed identically to the 
direct transfer method except 1 µl of 70% formic acid was overlaid on the culture material 
and allowed to dry before applying HCCA matrix. 
For method 10, Bruker tube formic acid, a 1 µl loopful of bacteria was added to 300 
µl sterile water in a microcentrifuge tube and vortexed vigorously to suspend. Next, 900 µl of 
100% ethanol was added, vortexed briefly and centrifuged at 21,130 x g for 2 minutes. The 
supernatant was poured out and the tube re-centrifuged at 21,130 x g for 2 minutes. The 
remaining supernatant was removed by pipetting and the pellet allowed to dry for 5-15 
minutes before adding 50 µl formic acid. The tubes were vortexed vigorously and left at 
room temperature for 5 minutes before adding 50 µl acetonitrile. The tubes were vortexed 
briefly to mix before centrifugation at 20,000 x g for 2 minutes. The supernatant was spotted 
onto a target in duplicate in 1 µl volumes and overlaid with 1 µl HCCA matrix once dry. 
Media comparison. Isolates used for media comparison are listed in Table 4. For 
comparison of spectra produced from Eugon and MTS media, MSPs were created using the 
tube formic acid method from a set of 4 T. asinigenitalis and 6 T. equigenitalis isolates 
grown on Eugon agar and MTS agar for 3 days at 37 ºC with 5% carbon dioxide. Isolates 
were selected for genetic diversity using PFGE and whole genome sequencing information. 
Entries were placed in 2 separate libraries by media type. Biotyper analysis was performed 
against the Eugon library using a unique set of 8 T. asinigenitalis and 12 T. equigenitalis 
isolates grown on Eugon agar and MTS agar for 3 days at 37 ºC with 5% carbon dioxide and 
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extracted using direct transfer and the tube formic acid method. Biotyper analysis was then 
performed against the MTS library using the same spectra. Three independent replicates were 
performed.  
To determine if media other than in-house prepared Eugon and MTS agar produced 
acceptable results, T. equigenitalis TE-001, TE-002, and TE-003 and T. asinigenitalis  
TA-001 were tested against a library composed each isolate listed in Table 1 prepared from 
both Eugon and MTS agar with the Bruker tube formic acid method. The isolates were tested 
in duplicate using the tube formic acid method, direct transfer, and extended direct transfer 
from each medium listed in Table 5. Media were incubated for up to 7 days and testing was 
performed on the first day where sufficient growth was present. Two additional spots were 
tested for method-isolate combinations where both spots had a score lower than 2.0. The 
highest scoring spot for each combination of isolate, media, and method was used for 
analysis.  
Validation. All isolates listed in Tables 1 and 2 were used for validation. Validation 
isolates including 94 unique isolates of T. equigenitalis, 39 unique isolates of T. 
asinigenitalis and 77 unique non-Taylorella isolates were randomized by set using non-
duplicate random numbers generated at stattrek.com. Each set of isolates were subdivided 
into 5 approximately equal test sets and assigned a unique random identification number. 
Several non-Taylorella isolates were later determined to be duplicates and results were 
removed from analysis. Isolates were grown on Eugon agar and MTS agar for 3 days at 37 ºC 
with 5% carbon dioxide. After 2 days of incubation, direct transfer and extended direct 
transfer methods were performed for all isolates and spotted in duplicate. After 3 days of 
incubation, the tube formic acid method was performed for all isolates and each was spotted 
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in duplicate. Five-fold cross validation testing was performed using MALDI Biotyper 
software with standard settings. For each test set, the library was composed of the Bruker 
BDAL library with the 4 included Taylorella MSPs removed, the NVSL custom library, and 
a library of all Taylorella isolates from both Eugon and MTS with the entries for the isolates 
in the current test set excluded. Isolates that produced a top match with a score lower than 2.0 
on both spots were repeated once in duplicate. Isolates that had insufficient growth for testing 
or re-testing were re-struck and tested from a heavier inoculum or incubated until growth was 
present. Isolates that did not grow on MTS within 7 days were not tested from that media. 
The highest scored spot for each combination of isolate, media, and method was used for 
analysis.  
Evaluation of alternative libraries. Using a set of the top scoring spectra for each 
combination of isolate, media, and method including retest spots if performed, each 
Taylorella isolate was re-analyzed in Biotyper 3 software using 2 additional libraries, the 
Biotyper BDAL commercial library which contains 3 MSPs for T. equigenitalis and 1 MSP 
for T. asinigenitalis and an abbreviated library containing MSPs from both media of the 12 T. 
equigenitalis and 18 T. asinigenitalis isolates used for media comparison (Table 4). Isolates 
present in the abbreviated library were excluded from that analysis. 
Dendrogram analysis. Dendrograms were produced in Biotyper 3 software. For 
genus and species level analysis, dendrograms were produced using all T. equigenitalis and 
T. asinigenitalis MSPs as well as MSPs from the BDAL library from genera in 
Alcaligenaceae; Achromobacter species, Alcaligenes species, Bordetella species, 
Castellaniella species, Oligella species, Pigmentiphaga species, and Taylorella species. 
Default dendrogram parameters were used including correlation distance measure, average 
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linkage, single organism threshold of 300, related organism threshold of zero and no limit on 
top level nodes. 
For subtyping analysis, dendrograms were created using the MSPs produced for T. 
equigenitalis from Eugon agar. Multiple permutations of distance measures, linkage methods 
and threshold values were viewed and the method which produced the most consistent trees 
with true phylogeny was used for further analysis. MSP Dendrogram Creation was used with 
a distance measure of correlation, linkage method of centroid, score threshold value of 1500 
for a single organism, score threshold value of zero for related organisms and no limitations 
on top level nodes. To evaluate reproducibility of spectra and variability due to growth and 
extraction factors, 5 isolates were selected and additional MSPs were produced on different 
days. Four additional MSPs were produced from 3 of the isolates and 9 and 10 each from the 
other 2 isolates. Isolates were inoculated to Eugon agar as first, second, or third pass from 
frozen cultures and incubated for 3 days at 37 ºC with 5% carbon dioxide prior to MSP 
preparation (Table 6). 
PCA and CCI analysis. Principal component analysis was performed using the 
highest scoring T. equigenitalis tube formic acid method spectra produced during validation 
testing. PCA analysis was performed using the hierarchical method with Mahalanobis 
distance measure and average linkage algorithm. Maximal cluster was set to the default value 
of 4 and no maximum number of top level nodes was set. PCA analysis was performed on 2 
data sets. The first set contained CEM 1978 isolates 1 through 14 representing 2 distinct 
outbreaks. The second set contained the 28 isolates from the CEM 2008-2010 outbreak and 3 
genetically distant isolates, TE-003, IMP-002 and IMP-029. Results were viewed as 
dendrograms (Figures 14 and 16). 
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Composite correlation index analysis was performed using the highest scoring T. 
equigenitalis tube formic acid method spectra from Eugon agar produced during validation 
testing. Default Biotyper 3 parameters were used with a mass lower boundary of 3000, upper 
boundary of 12,000, resolution of 4, and interval of 8. Analysis was performed on the same 2 
data sets used for PCA analysis. Results were viewed as a graphical heat map comparing 
each isolate (Figures 13 and 15). Highly similar spectra are colored red and dissimilar spectra 
are colored blue. 
Analysis of Data. Methods comparison data were plotted by method, day of culture, 
and media. Box-whisker plots were used to further compare methods that performed 
similarly.  
For the media comparison study, the top scoring spectra for each pair was used for 
analysis. The highest score for the spectra were plotted by isolate, media type used, and 
media type of the library. In addition, the difference between the Eugon library score and 
MTS score library was plotted against the media type used. Statistical significance was 
determined by ANOVA model including the main effects of isolate, media, extraction 
method, and library with no interactions.  
For validation testing, the top scoring spectra for each combination of isolate, media, 
and method including retest spots if performed were used for analysis. Each analyzed 
spectrum was assigned an identification using a minimum score of 2.0 for species level 
identification and a minimum score of 1.7 for genus level identification. Isolates where the 
next closest scoring species was within 0.25 of the top species were considered un-
differentiable to the species level and were assigned a genus level identification. Sensitivity 
for each medium and method at the species level for T. equigenitalis and T. asinigenitalis 
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was calculated by the mean of scores assigned as 1 (match) or 0 (mismatch) to each isolate 
based on correct assignment of the species. Sensitivity at the genus level for each medium 
and method was calculated by the mean of scores assigned as 1 (genus match) or 0 (genus 
mismatch) to each isolate. Specificity for each medium and method was determined by the 
mean of scores assigned as 1 (not misidentified as Taylorella species) or 0 (misidentified as 
Taylorella species) for each non-Taylorella isolate. Sensitivity was calculated using the same 
method for each alternative library evaluated. Average score, difference in score, and 
standard deviation were calculated for each method and medium combination and each 
paired set of scores was plotted by isolate, medium, and method.  
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CHAPTER 4.  RESULTS 
 
Based on the quality of generated spectra three extraction methods, 4, 6a (NECLC), 
and 10 (tube formic acid) and three rapid methods, 7a, 7b and 8 (direct transfer) were 
selected for methods comparison. The results of methods comparison are shown in Figures  
1-2. Based on visual analysis of data, methods 6a and 10 outperformed method 4 and method 
8 outperformed methods 7a and 7b. Evaluation was based on Biotyper scores being 
consistently above the 2.0 species level identification threshold, as well as how well scores 
clustered as an indication of method consistency. Method 8, direct transfer, was selected for 
validation testing. Because the Streptococcus isolate performed poorly with direct transfer, 
likely due to the absence of formic acid, method 9, extended direct transfer which was not 
included in the methods comparison due to inconsistent performance in the preliminary 
study, was also validated. Tube formic acid and NECLC were further plotted in parallel 
(Figure 2) and no consistent difference in performance was seen between the methods. 
Because the tube formic acid method is the standard method from the manufacturer and is 
less technically demanding than NECLC, it was selected as the method of choice and 
included in further validation testing. Figure 3 shows trends in the scores for TE-001,  
TE-002, and TE-003 by day tested. For the tube formic acid method performed from Eugon 
agar, day 1-2 appear to be the optimal days to perform testing, with a gradual decline in days 
3-7. For the tube formic acid method performed from MTS agar, days 2-6 were very similar 
with a slight decline at day 7. For the direct transfer method from Eugon agar, days 1-5 were 
very similar with a slight decrease on days 6-7. For direct transfer from MTS agar, all days 
performed equally well. In all cases, the median score remains at or above the 2.0 cutoff 
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value for a species level identification, suggesting that while performance may decline 
somewhat in days 6-7 overall, acceptable results are still possible. 
Results of media comparison between Eugon and MTS are shown in Figure 4 and 
Table 7. When isolates were grown on Eugon or MTS media, they produced significantly 
higher scores when compared against libraries prepared with the same media type, p=0.01 for 
T. equigenitalis and p=0.003 for T. asinigenitalis. This effect was more pronounced with the 
tube formic acid method than with direct transfer. Additional media that supported the 
growth of Taylorella were evaluated (Table 5). These included a commercial preparation of 
Eugon and MTS, cysteine heart agar with 5% rabbit blood and chocolate agar which are 
appropriate for fastidious organisms, and blood agar and Colombia blood agar which are less 
nutritive and only nominally support growth of Taylorella species. All of the additional 
media tested yielded species level identification with scores greater than the species level 
cutoff of 2.0. 
Sensitivity for all method and media combinations for T. equigenitalis was 100%. 
Overall sensitivity for T. asinigenitalis was 99.6% and sensitivity on MTS with extended 
direct transfer method was 97% with one isolate producing a match with T. asinigenitalis that 
was lower than 2.0 but higher than the genus threshold of 1.7, resulting in a genus level 
sensitivity of T. asinigenitalis on MTS with extended direct transfer of 100%. Sensitivity 
with all other method and media combinations for T. asinigenitalis was 100%. Specificity as 
determined by testing various non-Taylorella organisms including members of the 
Alcaligenaceae family was 100%. A single isolate in the Oxalobacteraceae produced a top 
match of T. equigenitalis with a score of 1.566 from Eugon agar and the tube formic acid 
method. No other non-Taylorella produced a top match of either T. equigenitalis or T. 
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asinigenitalis. In addition, a phylogenetic tree of all Taylorella MSPs (Figures 7 and 8) 
showed clear separation of all MSPs by species. A phylogenetic tree of Taylorella species 
and closely related genera showed that both T. asinigenitalis and T. equigenitalis formed 
discrete groups which were clearly separated from the other organisms on the tree. In 
addition, matching of the Taylorella MSPs from the custom library to the BDAL library 
showed no matches higher than 1.6 with any other organism, with the highest matches being 
to Oligella ureolytica (1.546) and Acinetobacter tandoii (1.592), which are both in the 
Alcaligenaceae family. 
Results of the comparison of the custom library to the BDAL library are summarized 
in Tables 8 and 9 and Figure 5. The BDAL library contains 3 MSPs for T. equigenitalis and  
1 MSP for T. asinigenitalis. Taylorella asinigenitalis showed the poorest results with an 
overall sensitivity of 29% at the species level and 77% at the genus level using the BDAL 
library, with individual species sensitivities ranging from 3% for the extended direct transfer 
method from Eugon agar to 79% for the tube formic acid method from MTS agar. Notably, 
for 9 spectra with scores less than the 1.7 genus level threshold T. asinigenitalis was not the 
highest library match, and for 2 spectra less than 1.7 T. asinigenitalis was not on the list of 10 
matches at all. Taylorella equigenitalis performed better with an overall species level 
sensitivity of 86% and genus level sensitivity of 99%.The highest matching library entry for 
all T. equigenitalis isolates was T. equigenitalis, including those with a top score lower than 
1.7.  
Results of the comparison of the custom library with the abbreviated custom library 
are summarized in Tables 10 and 11 and Figure 6. When compared to the full custom library 
the abbreviated custom library performed relatively well. Both T. asinigenitalis and T. 
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equigenitalis had a sensitivity of 100% at the genus level. Overall species level sensitivity of 
T. asinigenitalis was 99% and T. equigenitalis was 98% with all scores for both species 
higher than 1.9. Of the 2 T. asinigenitalis scores below 2.0, one was also below 2.0 in the full 
custom library and the second differed in score between libraries by only 0.077. Of the 7  
T. equigenitalis scores below 2.0, the full custom library scores averaged 2.076 and the 
abbreviated scores averaged 1.934 with an average difference of 0.142 between the paired 
scores. 
Figure 9 is a phylogenetic tree of T. equigenitalis based on whole genome 
sequencing. Results of dendrogram analysis of T. equigenitalis MSPs from Eugon agar are 
shown in Figures 10-12. On Figure 10, isolates from the 2008-2010 outbreak and 2013 
outbreaks are each outlined in colored boxes illustrating that while there is some clustering of 
genetically similar isolates, there are also MSPs that fall within different groups on the tree. 
Figure 11 includes replicate testing of 3 isolates from the 2008-2010 outbreak, 2 isolates 
from the 2013 outbreak, and 2 additional unrelated isolates, IMP-004 and TE-003. Again, 
there is some clustering by known epidemiological groups. Some of the MSPs from the CEM 
2013 outbreak are interspersed with those of IMP-004 which is in agreement with their close 
genetic relationship as seen on Figure 9 (yellow box and green box). However, the isolates 
from the 2008-2010 outbreak (boxed in blue) are divided into 3 different clades, and 2 
replicates of isolate CEM13-3 are clustered more closely with the 2008-2010 isolates than 
the other CEM 2013 and IMP-004 replicates. Figure 12 places the replicate isolates back into 
the tree of all Eugon MSPs, further emphasizing both the general trend toward grouping of 
related isolates and the failure of replicates of the same isolate to consistently group. 
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Correlation Composite Index and PCA analysis are performed on individual spectra 
rather than MSPs. Results of CCI analysis are shown on Figures 13 and 15. The CCI analysis 
produces a heat map with similar spectra showing as dark red-brown and less related spectra 
showing as yellow, green, and blue as they become more dissimilar. Results of PCA analysis 
are shown on Figures 14 and 16.  
These analyses were used on 2 distinct data sets. Figure 13 and Figure 14 show 
analysis of CEM 1978 isolates. Five isolates, CEM78-1 through CEM78-5, represent a single 
genetically distinct outbreak as seen in the blue circle on Figure 9. The additional 14 isolates 
represent a single outbreak containing CEM78-6 through CEM78-14, with 2 of the isolates, 
CEM78-13 and CEM78-14, slightly genetically divergent as seen on Figure 9, yellow circled 
isolates. If the groups differentiated reliably, the CCI should show areas of red and orange 
within each group, and areas of yellow, blue, and green between the groups. The CCI heat 
map in figure 13 shows a high degree of similarity of CEM78-1 through CEM78-5 (white 
box, lower left). However, isolates within the group representing CEM78-6 through  
CEM78-14 are inconsistent, and the unboxed areas where the 2 groups are compared to each 
other are also inconsistent, ranging from high relatedness (red) to very low relatedness (dark 
blue). The PCA dendrogram in figure 14 shows similar results. CEM78-1 through CEM78-5 
are represented by blue circles, CEM78-6 through CEM78-12 are represented by yellow 
circles and the slightly genetically divergent CEM78-13 and CEM78-14 are represented by 
yellow circles with black outlines. None of the isolates with known genetic relatedness form 
groups on the phylogenetic tree. Instead, isolates from the 2 distinct outbreaks are 
interspersed on the dendrogram with no grouping according to genetic relationship. 
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Figure 15 shows a CCI heat map of the isolates from the 2008-2010 outbreak (blue 
box on Figure 9) as well as 3 more distant isolates, TE-003, IMP-002, and IMP-029 which 
are shown boxed in white on Figure 15 and circled in red and green and boxed in red on 
Figure 9. The genetically distant isolates would be expected to produce a cooler green and 
blue heat map when compared to the 2008-2010 isolates. The 3 distant isolates are not 
visually different from the isolates of the 2008-2010 outbreak. Figure 16 shows the PCA 
dendrogram of the same isolates. While TE-003 is somewhat of an outlier compared to the 
2008-2010 isolates, it is still grouped in a branch containing IMP-029 and 3 of the CEM 
2008-2010 isolates. Placement of IMP-002 is squarely within the isolates from the 2008-
2010 outbreak. There is no consistent grouping according to genetic relationship. 
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CHAPTER 5. DISCUSSION 
 
Contagious equine metritis is a disease of significant impact on international 
movement of horses and within many equine industries, in particular the Thoroughbred 
breeding industry. Evidenced in recent outbreaks in the US and South Africa, if not detected 
upon import the disease can spread asymptomatically for many years in stallions and require 
significant resources to eradicate. In addition, outbreaks of the disease in the late 1970s in the 
US and UK show the significant impact and high morbidity an outbreak of CEM can have on 
the Thoroughbred breeding industry.  
Bacterial culture is considered the gold standard test for CEM and is the required test 
for international movement in most countries. When used, alternative tests such as FA or 
PCR typically require follow-up cultural confirmation. Because carrier stallions and mares 
may have very low numbers of the bacterium present, testing of multiple colonies from 
culture plates is necessary for good detection. In addition, current definitive identification 
methods such as PCR or FA require special reagents and technical expertise and others such 
as 16S sequencing and WGS not only require technical expertise but are time consuming and 
expensive, making them inappropriate for screening multiple colonies. On the other hand, 
MALDI-TOF identification is fast, accurate, inexpensive and requires minimal training to 
run. 
Taylorella asinigenitalis adds a special challenge to diagnosis of CEM. The species 
can be difficult to differentiate and while T. asinigenitalis is not considered a cause of CEM, 
some countries have testing requirements for the organism. There are currently no definitive 
tests to differentiate the species other than sequence based tests such as PCR or 16S 
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sequencing. The commercially available latex agglutination test is inconsistent for T. 
asinigenitalis leading either to false diagnosis as T. equigenitalis or failure to identify the 
organism as Taylorella species due to a negative reaction. Not all available PCRs detect both 
organisms and some do not differentiate the species when they do detect both. Fluorescent 
antibody tests may only detect T. equigenitalis or like the latex agglutination test may be 
inconsistent in detection of T. asinigenitalis. 
MALDI-TOF bacterial identification has become the standard identification method 
in many veterinary diagnostic laboratories. While the initial equipment cost is high, 
individual test cost is extremely low. No special reagents are needed for identification of 
different bacterial organisms and only a handful of genera require special preparation 
techniques. Libraries of MSPs can be shared between laboratories and are highly robust 
across machines.  
Because Taylorella species are often difficult to suspend and lyse, a number of 
different protein extraction techniques were evaluated. The methods were divided into rapid 
on-target methods which could be utilized for daily use and more thorough extraction 
methods for creating libraries or potentially subtyping isolates. The Bruker direct transfer 
method was the most consistent and highest scoring rapid method. However, because many 
gram positive organisms require the use of formic acid to lyse the bacteria, the Bruker 
extended direct transfer method was also validated. When comparing extraction methods, 
both the Bruker tube formic acid procedure and a method designed for Nocardia species, 
NECLC, yielded comparable results. Since the Bruker method is simpler to perform and is 
already in use for a number of other organisms, it was selected as the method of choice.  
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Two additional areas of evaluation were day of culture and culture media used. 
Taylorella are slow growing organisms, requiring at least 48-72 hours to form distinct 
colonies. Because speed of diagnosis is important and it takes 24-48 hours for re-struck 
colonies to grow sufficiently for testing, it was important to determine if MALDI-TOF could 
be performed directly from colonies on primary culture plates. Three T. equigenitalis isolates 
and one T. asinigenitalis isolate were tested daily for 7 days, the most common incubation 
time for diagnostic cultures. While there was some degree of method and media dependent 
decrease in scores at days 6 and 7, overall the method performed well for the full 7 day span 
used routinely for culture.  Isolates were also compared to determine if the type of media 
used for MSP creation and testing affected scores. Isolates produced significantly higher 
scores when tested against a library made from the same media type, particularly in T. 
equigenitalis. While in many cases testing against the opposite media type still yielded scores 
above the species cutoff value, including MSPs from both media types in the library 
improves the overall scores and potential for correct identification. Because of the fastidious 
nature of Taylorella, the prescribed media for culture are Eugon agar with chocolated horse 
blood and MTS. However, many other media are used for routine pre-breeding cultures or 
evaluation of infertility in horses. To evaluate the robustness of a library containing MSPs 
created only from the 2 prescribed media, 3 isolates of T. equigenitalis and 1 isolate of T. 
asinigenitalis were tested from 4 additional media capable of sustaining growth of the 
organism as well as Eugon and MTS agar from a commercial source. Isolates from all of the 
media correctly identified at the species level with scores greater than 2.0. Notably, although 
Taylorella grew poorly on blood agar and Colombia blood agar and yielded only pinpoint 
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growth after 4 days of incubation, all 4 isolates identified reliably, indicating that the method 
is robust across media as long as they are capable of supporting growth of Taylorella. 
Taylorella equigenitalis and T. asinigenitalis can be reliably identified and 
differentiated using MALDI Biotyper analysis with the addition of a custom MSP library. 
The method had a sensitivity of 100% for identification of both species. All 3 of the Bruker 
methods, direct transfer, extended direct transfer, and tube formic acid are acceptable for 
testing Taylorella. Unsurprisingly since there is improved lysis and removal of cell debris 
with this method, the tube formic acid method produced the highest scores on average. The 
direct transfer method produced slightly higher scores than extended direct transfer. In 
addition, extended direct transfer was more technically difficult to perform with Taylorella 
species as it produces poor spectra if too little or too much culture material was placed on the 
target. However, extended direct transfer includes a formic acid overlay which is necessary 
for identification of some organisms including many gram positives. Since isolates that 
produce poor spectra cannot reliably be ruled-out as Taylorella species, either extended 
direct transfer or a combination of extended direct transfer and direct transfer represent the 
optimal method for routine diagnosis of Taylorella suspect isolates. The commercial BDAL 
library currently contains only 3 MSPs for T. equigenitalis and one MSP for T. asinigenitalis 
and performed very poorly when compared to the custom library, particularly for T. 
asinigenitalis. However, an abbreviated custom library of 12 genetically diverse isolates of T. 
asinigenitalis and 20 genetically diverse isolates of T. equigenitalis performed nearly as well 
as the full custom library, suggesting that a smaller library of diverse isolates could be 
utilized, increasing the speed of computation and resulting in a smaller library file size for 
distribution to other laboratories.  
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This method was also found to be highly specific. Of the 77 non-Taylorella isolates 
tested, none were identified as T. equigenitalis or T. asinigenitalis. Thirty-nine isolates from 
the family Alcaligenaceae were tested, including 13 isolates of the close relative Oligella 
which is biochemically and morphologically similar to Taylorella and is frequently found in 
equine genital cultures. In addition, a variety of common organisms found on equine genital 
cultures were tested, including cultures submitted to the NVSL for rule-out of Taylorella 
species. Only one non-Taylorella isolate, an Oxalobacteraceae, gave a top match of  
T. equigenitalis, but with a score of 1.566 it fell well below the genus or species level cutoffs. 
Subtyping of T. equigenitalis is important for outbreak tracing and diagnosis. 
Subtyping can give an indication of whether a domestic isolate of T. equigenitalis may be 
related to a previous outbreak, or if it likely represents a new introduction into the country. 
Current subtyping of T. equigenitalis by PFGE and WGS requires a significant amount of 
culture and takes a minimum of 4-5 days to complete. A more rapid typing method would be 
beneficial for quickly focusing investigations in the event of a domestic case. This study 
included a preliminary evaluation of the 3 tools provided in the Bruker Biotyper 3 software 
that can be used for subtyping; MSP dendrogram, CCI, and PCA. Testing and analysis were 
done only on MSPs and spectra produced from Eugon agar as there is variable inhibition of 
T. equigenitalis isolates on MTS which may affect protein expression. Analysis of 2 different 
data sets with CCI and PCA showed no correspondence with known genetic and 
epidemiologic relationships and no ability to differentiate genetically diverse isolates from a 
genetically homogeneous set of isolates.  
Analysis of a dendrogram of all T. equigenitalis Eugon agar MSPs shows that while 
some genetically related isolates grouped together, there were also members of phylogenetic 
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groups that were placed on distant branches. All but one of the 2008-2010 outbreak isolates 
clustered in a single clade. However, the remaining isolate was on an entirely different clade. 
Similarly, 3 of the 2013 outbreak isolates clustered in a single clade, but the fourth isolate 
was placed on a different branch. This suggested either those isolates had differences in 
protein expression that were not the result of major genetic difference, or that the amount of 
variability due to uncontrollable conditions is too high for accurate subtyping. Further 
addition of replicate MSP entries showed that there was considerable variation in 
dendrogram placement of replicates of the same isolate, indicating that any differences 
between isolates below the species level are small enough that variability in the isolates, 
growth conditions, extraction technique, MSP creation, or a completely unknown factor 
make them impossible to detect with this method. The inability to perform subtyping using 
dendrograms, CCI, or PCA analysis is not surprising, as many others have found that typing 
with MALDI-TOF requires more targeted methods. More refined analysis such as 
identification of peaks unique to specific clades may be more productive. Alternately, a 
targeted CCI analysis such as that used by Clark et al (2013) may be useful.  
We propose an improved identification workflow integrating MALDI Biotyper 
identification in which colonies are tested directly from primary culture plates and only re-
struck if results are inconclusive due to poor spectra. Currently in the US, testing for CEM is 
done by a network of laboratories overseen by the NVSL. The laboratories perform a series 
of screening tests to rule-out Taylorella. Because of the amount of culture required to 
perform these tests, colonies must be re-struck and allowed to grow for 1-2 days. Many 
isolates are consistent with Taylorella on oxidase, catalase, and gram stain, necessitating an 
additional 1-2 days to perform the aerobic growth test. Laboratories are required to send 
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suspect or presumptive isolates to the NVSL for confirmation and typing prior to reporting. 
Currently confirmatory testing at the NVSL takes 2-3 days, requiring a battery of tests 
including FA, PCR, and 16S sequencing. The use of MALDI Biotyper identification for 
Taylorella species could shorten this time significantly. Colonies could be tested directly 
from culture plates at the testing laboratories. Colonies that identify as Taylorella species 
could be collected on a transport swab directly from the plate and shipped to the NVSL for 
confirmation. Within 24-48 hours, sufficient growth could be obtained to perform the tube 
formic acid extraction and obtain a high quality spectrum to yield sufficiently confident 
identification for reporting, with an additional battery of identification and typing tests 
reported in the following 3-5 days. 
Overall MALDI Biotyper identification represents a widely available, inexpensive, 
highly sensitive and specific test for identification of Taylorella equigenitalis and Taylorella 
asinigenitalis. The test can easily be transferred to new laboratories with a single digital file 
containing the custom library. The small amount of culture required, low cost of reagents, 
standardized methods and equipment, and ability to differentiate between the two species 
indicate that MALDI-TOF provides a significant improvement over current identification 
methods.  
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Figure 1: Comparison of MALDI scores for all Taylorella organisms vs. day. Subplot rows correspond to the 2 
media; columns correspond to the methods. 
 
 
 
Figure 2: Direct comparison of NECLC and Bruker tube formic acid methods for protein extraction. NECLC 
(6a) is shown in red and the tube formic acid method (10) is shown in blue. Plots are faceted by day (columns) 
and isolate (row), with each plot comparing media types.  
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Figure 3: MALDI score data of Taylorella isolates on Bruker direct transfer and Bruker tube formic acid. 
Direct transfers are labeled as (8) and tube formic acid is labeled as (10). Line corresponds to the median score. 
 
 
 
Figure 4: Media comparison study. Data are represented as the Eugon library score minus the MTS library 
score for paired samples.  A solid horizontal line indicates zero difference.  The columns represent different 
isolates and the rows represent media the isolate was grown on.  Within each facet plot, data are separated by 
method.  M10 represents tube formic acid extraction and M8 represents the direct transfer method. Data 
symbols are colored by run. 
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Figure 5: Custom library versus BDAL library. Plot of the difference between scores for individual spectra 
tested against the full custom library versus the BDAL library. Solid horizontal line denotes a difference of 
zero. 
 
 
Figure 6:  Custom library versus abbreviated custom library. Plot of the difference between scores for 
individual spectra tested against the full custom library versus the abbreviated custom library. Solid horizontal 
line denotes a difference of zero. 
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Taylorella equigenitalis IMP-021 EUGTaylorella equigenitalis TE-003 EUGTaylorella equigenitalis CEM06-3 EUG
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Taylorella equigenitalis CEM78-12 EUGTaylorella equigenitalis IMP-014 EUGTaylorella equigenitalis I P-009 E
Taylorella equigenitalis IMP-006 EUGTaylorella equigenitalis I P-010 ETaylorella equigenitalis IMP-037 EUG
Taylorella equigenitalis CEM78-14 EUGTaylorella equigenitalis IMP-008 EUGTaylorella equigenitalis IMP-013 EUG
Taylorella equigenitalis I P-033 ETaylorella equigenitalis IMP-034 EUGTaylorella equigenitalis IMP-026 EUG
Taylorella equigenitalis CEM78-03 EUGTaylorella equigenitalis ATCC-49729 EUGTaylorella equigenitalis IMP-032 EUG
Taylorella equigenitalis CEM09-04 EUGTaylorella equigenitalis CEM78-13 EUGTaylorella equigenitalis E 09-23 E
Taylorella equigenitalis CEM09-03 MTSTaylorella equigenitalis E 10-1 EUGTaylorella equigenitalis CEM13FL-1 EUG
Taylorella equigenitalis IMP-019 EUGTaylorella equigenitalis CEM09-07 MTSTaylorella equigenitalis IMP-029 MTS
Taylorella equigenitalis CEM09-24 MTSTaylorella equigenitalis IMP-024 MTSTaylorella equigenitalis TE-001 MTS
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Taylorella equigenitalis TE-002 MTSTaylorella equigenitalis CEM13-3 MTSTaylorella equigenitalis CEM13-4 MTS
Taylorella equigenitalis E 06-2 EUGTaylorella equigenitalis CEM09-09 EUGTaylorella equigenitalis CEM09-18 EUG
Taylorella equigenitalis E 09-02 ETaylorella equigenitalis CEM09-22 EUGTaylorella equigenitalis E 09-15 E
Taylorella equigenitalis CEM09-24 EUGTaylorella equigenitalis CEM09-10 EUGTaylorella equigenitalis E 09-11 E
Taylorella equigenitalis CEM09-20 EUGTaylorella equigenitalis E 09-19 ETaylorella equigenitalis IMP-028 EUG
Taylorella equigenitalis CEM09-14 EUGTaylorella equigenitalis E 09-17 ETaylorella equigenitalis CEM11-1 EUG
Taylorella equigenitalis IMP-015 EUGTaylorella equigenitalis I P-029 ETaylorella equigenitalis IMP-031 EUG
Taylorella equigenitalis I P-005 ETaylorella equigenitalis CEM13-3 EUGTaylorella equigenitalis E 78-01 EUG
Taylorella equigenitalis IMP-035 EUGTaylorella equigenitalis CEM09-27 MTSTaylorella equigenitalis ATCC-35865 MTS
Taylorella equigenitalis IMP-025 MTSTaylorella equigenitalis ATCC-49729 MTSTaylorella equigenitalis CEM78-11 MTS
Taylorella equigenitalis IMP-005 MTSTaylorella equigenitalis I P-008 TSTaylorella equigenitalis CEM78-04 MTS
Taylorella equigenitalis E 78-05 TSTaylorella equigenitalis IMP-002 MTSTaylorella equigenitalis CEM13-1 MTS
Taylorella equigenitalis E 13-2 TSTaylorella equigenitalis IMP-035 MTSTaylorella equigenitalis CEM06-1 MTS
Taylorella equigenitalis E 13FL-1 MTSTaylorella equigenitalis IMP-023 MTSTaylorella equigenitalis CEM09-08 MTS
Taylorella equigenitalis CEM09-09 MTSTaylorella equigenitalis E 09-13 TSTaylorella equigenitalis CEM78-08 MTS
Taylorella equigenitalis IMP-022 MTSTaylorella equigenitalis CEM11-1 MTSTaylorella equigenitalis IMP-027 MTS
Taylorella equigenitalis I P-016 TSTaylorella equigenitalis CEM09-04 MTSTaylorella equigenitalis IMP-028 MTS
Taylorella equigenitalis CEM09-14 MTSTaylorella equigenitalis IMP-012 MTSTaylorella equigenitalis CEM09-16 MTS
Taylorella equigenitalis IMP-021 MTSTaylorella equigenitalis IMP-032 MTSTaylorella equigenitalis CEM78-02 MTS
Taylorella equigenitalis CEM78-07 MTSTaylorella equigenitalis E 78-09 TSTaylorella equigenitalis CEM78-13 MTS
Taylorella equigenitalis IMP-015 MTSTaylorella equigenitalis I P-018 TSTaylorella equigenitalis CEM09-05 MTS
Taylorella equigenitalis IMP-001 MTSTaylorella equigenitalis CEM78-01 MTSTaylorella equigenitalis CEM78-06 MTS
Taylorella equigenitalis E 09-06 TSTaylorella equigenitalis CEM09-18 MTSTaylorella equigenitalis IMP-036 MTS
Taylorella equigenitalis CEM09-21 MTSTaylorella equigenitalis CEM09-22 MTSTaylorella equigenitalis IMP-017 MTS
Taylorella equigenitalis IMP-026 MTSTaylorella equigenitalis CEM10-1 MTSTaylorella equigenitalis E 09-15 MTS
Taylorella equigenitalis CEM09-01 MTSTaylorella equigenitalis E 09-19 TSTaylorella equigenitalis CEM78-12 MTS
Taylorella equigenitalis IMP-014 MTSTaylorella equigenitalis CEM09-02 MTSTaylorella equigenitalis CEM09-11 MTS
Taylorella equigenitalis E 78-03 TSTaylorella equigenitalis CEM09-10 MTSTaylorella equigenitalis IMP-031 MTS
Taylorella equigenitalis CEM06-3 MTSTaylorella equigenitalis IMP-003 MTSTaylorella equigenitalis I P-007 TS
Taylorella equigenitalis IMP-013 MTSTaylorella equigenitalis I P-019 TSTaylorella equigenitalis CEM09-20 MTS
Taylorella equigenitalis IMP-020 MTSTaylorella equigenitalis I P-009 TSTaylorella equigenitalis IMP-033 MTS
Taylorella equigenitalis I P-037 TSTaylorella equigenitalis TE-003 MTSTaylorella equigenitalis CEM06-2 MTS
Taylorella equigenitalis IMP-010 MTSTaylorella equigenitalis CEM09-26 MTSTaylorella equigenitalis IMP-011 MTS
Taylorella equigenitalis CEM09-17 MTSTaylorella equigenitalis CEM09-23 MTSTaylorella asinigenitalis ATCC-700933 EUG
Taylorella asinigenitalis TA-001 EUGTaylorella asinigenitalis TA-001 MTSTaylorella asinigenitalis TA-002 EUG
Taylorella asinigenitalis TA-011 EUGTaylorella asinigenitalis TA-005 ETaylorella asinigenitalis TA-006 EUG
Taylorella asinigenitalis TA-014 ETaylorella asinigenitalis TA-015 EUGTaylorella asinigenitalis TA-030 EUG
Taylorella asinigenitalis TA-016 MTSTaylorella asinigenitalis TA-021 MTSTaylorella asinigenitalis TA-020 TS
Taylorella asinigenitalis TA-018 MTSTaylorella asinigenitalis TA-019 MTSTaylorella asinigenitalis TA-022 TS
Taylorella asinigenitalis TA-019 EUGTaylorella asinigenitalis TA-007 ETaylorella asinigenitalis TA-010 EUG
Taylorella asinigenitalis TA-027 EUGTaylorella asinigenitalis TA-028 ETaylorella asinigenitalis TA-012 EUG
Taylorella asinigenitalis TA-016 ETaylorella asinigenitalis TA-020 EUGTaylorella asinigenitalis TA-037 EUG
Taylorella asinigenitalis TA-034 ETaylorella asinigenitalis TA-036 EUGTaylorella asinigenitalis TA-018 E
Taylorella asinigenitalis TA-013 EUGTaylorella asinigenitalis TA-033 EUGTaylorella asinigenitalis TA-002 MTS
Taylorella asinigenitalis TA-008 MTSTaylorella asinigenitalis TA-006 TSTaylorella asinigenitalis TA-004 MTS
Taylorella asinigenitalis TA-005 MTSTaylorella asinigenitalis TA-003 TSTaylorella asinigenitalis TA-010 MTS
Taylorella asinigenitalis TA-011 TSTaylorella asinigenitalis TA-015 MTSTaylorella asinigenitalis TA-027 MTS
Taylorella asinigenitalis TA-014 TSTaylorella asinigenitalis TA-012 MTSTaylorella asinigenitalis TA-013 TS
Taylorella asinigenitalis TA-032 MTSTaylorella asinigenitalis TA-038 MTSTaylorella asinigenitalis TA-028 TS
Taylorella asinigenitalis TA-029 MTSTaylorella asinigenitalis TA-009 TSTaylorella asinigenitalis TA-035 MTS
Taylorella asinigenitalis TA-035 EUGTaylorella asinigenitalis TA-007 MTSTaylorella asinigenitalis TA-037 MTS
Taylorella asinigenitalis TA-017 TSTaylorella asinigenitalis TA-025 MTSTaylorella asinigenitalis TA-030 MTS
Taylorella asinigenitalis TA-032 EUGTaylorella asinigenitalis TA-023 MTSTaylorella asinigenitalis TA-024 TS
Taylorella asinigenitalis TA-026 EUGTaylorella asinigenitalis TA-026 MTSTaylorella asinigenitalis TA-031 TS
Taylorella asinigenitalis TA-036 MTSTaylorella asinigenitalis TA-034 TSTaylorella asinigenitalis TA-003 EUG
Taylorella asinigenitalis TA-038 EUGTaylorella asinigenitalis TA-004 ETaylorella asinigenitalis TA-008 EUG
Taylorella asinigenitalis TA-009 ETaylorella asinigenitalis TA-025 EUGTaylorella asinigenitalis TA-029 EUG
Taylorella asinigenitalis TA-017 ETaylorella asinigenitalis TA-021 EUGTaylorella asinigenitalis TA-023 E
Taylorella asinigenitalis TA-024 EUGTaylorella asinigenitalis TA-031 EUGTaylorella asinigenitalis ATCC-700933 MTS
Taylorella asinigenitalis TA-022 EUGTaylorella asinigenitalis TA-033 MTS
MSP Dendrogram
Distance Level  
Figure 7:  Biotyper 3 phylogenetic tree of all Taylorella MSPs in the custom library.  T. asinigenitalis are 
shown in red and T. equigenitalis are shown in teal. 
 
   
   
   
   
   
   
   
Taylorella equigenitalis CEM09 23 MTS
Taylorella asinigenitalis ATCC-700933 EUG
Taylorella asinigenitalis TA-001 EUG
Taylorella asinigenitalis TA-001 MTS
Taylorella asinigenitalis TA-002 EUG
Taylorella asinigenitalis TA-011 EUG
Taylorella asinigenitalis TA-005 EUG
Taylorella asinigenitalis TA-006 EUG
Taylorella asinigenitalis TA-014 EUG
Taylorella asinigenitalis TA-015 EUG
Taylorella asinigenitalis TA-030 EUG
Taylorella asinigenitalis TA-016 MTS
Taylorella asinigenitalis TA-021 MTS
Taylorella asinigenitalis TA-020 MTS
Taylorella asinigenitalis TA-018 MTS
Taylorella asinigenitalis TA-019 MTS
Taylorella asinigenitalis TA-022 MTS
Taylorella asinigenitalis TA-019 EUG
Taylorella asinigenitalis TA-007 EUG
Taylorella asinigenitalis TA-010 EUG
Taylorella asinigenitalis TA-027 EUG
Taylorella asinigenitalis TA-028 EUG
Taylorella asinigenitalis TA-012 EUG
Taylorella asinigenitalis TA-016 EUG
Taylorella asinigenitalis TA-020 EUG
Taylorella asinigenitalis TA-037 EUG
Taylorella asinigenitalis TA-034 EUG
Taylorella asinigenitalis TA-036 EUG
Taylorella asinigenitalis TA-018 EUG
Taylorella asinigenitalis TA-013 EUG
Taylorella asinigenitalis TA-033 EUG
Taylorella asinigenitalis TA-002 MTS
Taylorella asinigenitalis TA-008 MTS
Taylorella asinigenitalis TA-006 MTS
Taylorella asinigenitalis TA-004 MTS
Taylorella asinigenitalis TA-005 MTS
Taylorella asinigenitalis TA-003 MTS
Taylorella asinigenitalis TA-010 MTS
Taylorella asinigenitalis TA-011 MTS
Taylorella asinigenitalis TA-015 MTS
Taylorella asinigenitalis TA-027 MTS
Taylorella asinigenitalis TA-014 MTS
Taylorella asinigenitalis TA-012 MTS
Taylorella asinigenitalis TA-013 MTS
Taylorella asinigenitalis TA-032 MTS
Taylorella asinigenitalis TA-038 MTS
Taylorella asinigenitalis TA-028 MTS
Taylorella asinigenitalis TA-029 MTS
Taylorella asinigenitalis TA-009 MTS
Taylorella asinigenitalis TA-035 MTS
Taylorella asinigenitalis TA-035 EUG
Taylorella asinigenitalis TA-007 MTS
Taylorella asinigenitalis TA-037 MTS
Taylorella asinigenitalis TA-017 MTS
Taylorella asinigenitalis TA-025 MTS
Taylorella asinigenitalis TA-030 MTS
Taylorella asinigenitalis TA-032 EUG
Taylorella asinigenitalis TA-023 MTS
Taylorella asinigenitalis TA-024 MTS
Taylorella asinigenitalis TA-026 EUG
Taylorella asinigenitalis TA-026 MTS
Taylorella asinigenitalis TA-031 MTS
Taylorella asinigenitalis TA-036 MTS
Taylorella asinigenitalis TA-034 MTS
Taylorella asinigenitalis TA-003 EUG
Taylorella asinigenitalis TA-038 EUG
Taylorella asinigenitalis TA-004 EUG
Taylorella asinigenitalis TA-008 EUG
Taylorella asinigenitalis TA-009 EUG
Taylorella asinigenitalis TA-025 EUG
Taylorella asinigenitalis TA-029 EUG
Taylorella asinigenitalis TA-017 EUG
Taylorella asinigenitalis TA-021 EUG
Taylorella asinigenitalis TA-023 EUG
Taylorella asinigenitalis TA-024 EUG
Taylorella asinigenitalis TA-031 EUG
Taylorella asinigenitalis ATCC-700933 MTS
Taylorella asinigenitalis TA-022 EUG
Taylorella asinigenitalis TA-033 MTS
 
 
  
   
   
   
   
   
   
   
   
   
Taylorella equigenitalis ATCC-35865 MTS
Taylorella equigenitalis IMP-025 MTS
Taylorella equigenitalis ATCC-49729 MTS
Taylorella equigenitalis CEM78-11 MTS
Taylorella equigenitalis IMP-005 MTS
Taylorella equigenitalis IMP-008 MTS
Taylorella equigenitalis CEM78-04 MTS
Taylorella equigenitalis CEM78-05 MTS
Taylorella equigenitalis IMP-002 MTS
Taylorella equigenitalis CEM13-1 MTS
Taylorella equigenitalis CEM13-2 MTS
Taylorella equigenitalis IMP-035 MTS
Taylorella equigenitalis CEM06-1 MTS
Taylorella equigenitalis CEM13FL-1 MTS
Taylorella equigenitalis IMP-023 MTS
Taylorella equigenitalis CEM09-08 MTS
Taylorella equigenitalis CEM09-09 MTS
Taylorella equigenitalis CEM09-13 MTS
Taylorella equigenitalis CEM78-08 MTS
Taylorella equigenitalis IMP-022 MTS
Taylorella equigenitalis CEM11-1 MTS
Taylorella equigenitalis IMP-027 MTS
Taylorella equigenitalis IMP-016 MTS
Taylorella equigenitalis CEM09-04 MTS
Taylorella equigenitalis IMP-028 MTS
Taylorella equigenitalis CEM09-14 MTS
Taylorella equigenitalis IMP-012 MTS
Taylorella equigenitalis CEM09-16 MTS
Taylorella equigenitalis IMP-021 MTS
Taylorella equigenitalis IMP-032 MTS
Taylorella equigenitalis CEM78-02 MTS
Taylorella equigenitalis CEM78-07 MTS
Taylorella equigenitalis CEM78-09 MTS
Taylorella equigenitalis CEM78-13 MTS
Taylorella equigenitalis IMP-015 MTS
Taylorella equigenitalis IMP-018 MTS
Taylorella equigenitalis CEM09-05 MTS
Taylorella equigenitalis IMP-001 MTS
Taylorella equigenitalis CEM78-01 MTS
Taylorella equigenitalis CEM78-06 MTS
Taylorella equigenitalis CEM09-06 MTS
Taylorella equigenitalis CEM09-18 MTS
Taylorella equigenitalis IMP-036 MTS
Taylorella equigenitalis CEM09-21 MTS
Taylorella equigenitalis CEM09-22 MTS
Taylorella equigenitalis IMP-017 MTS
Taylorella equigenitalis IMP-026 MTS
Taylorella equigenitalis CEM10-1 MTS
Taylorella equigenitalis CEM09-15 MTS
Taylorella equigenitalis CEM09-01 MTS
Taylorella equigenitalis CEM09-19 MTS
Taylorella equigenitalis CEM78-12 MTS
Taylorella equigenitalis IMP-014 MTS
Taylorella equigenitalis CEM09-02 MTS
Taylorella equigenitalis CEM09-11 MTS
Taylorella equigenitalis CEM78-03 MTS
Taylorella equigenitalis CEM09-10 MTS
Taylorella equigenitalis IMP-031 MTS
Taylorella equigenitalis CEM06-3 MTS
Taylorella equigenitalis IMP-003 MTS
Taylorella equigenitalis IMP-007 MTS
Taylorella equigenitalis IMP-013 MTS
Taylorella equigenitalis IMP-019 MTS
Taylorella equigenitalis CEM09-20 MTS
Taylorella equigenitalis IMP-020 MTS
Taylorella equigenitalis IMP-009 MTS
Taylorella equigenitalis IMP-033 MTS
Taylorella equigenitalis IMP-037 MTS
Taylorella equigenitalis TE-003 MTS
Taylorella equigenitalis CEM06-2 MTS
Taylorella equigenitalis IMP-010 MTS
Taylorella equigenitalis CEM09-26 MTS
Taylorella equigenitalis IMP-011 MTS
Taylorella equigenitalis CEM09-17 MTS
Taylorella equigenitalis CEM09-23 MTS
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Taylorella equigenitalis CEM78 03 EUG
Taylorella equigenitalis ATCC-49729 EUG
Taylorella equigenitalis IMP-032 EUG
Taylorella equigenitalis CEM09-04 EUG
Taylorella equigenitalis CEM78-13 EUG
Taylorella equigenitalis CEM09-23 EUG
Taylorella equigenitalis CEM09-03 MTS
Taylorella equigenitalis CEM10-1 EUG
Taylorella equigenitalis CEM13FL-1 EUG
Taylorella equigenitalis IMP-019 EUG
Taylorella equigenitalis CEM09-07 MTS
Taylorella equigenitalis IMP-029 MTS
Taylorella equigenitalis CEM09-24 MTS
Taylorella equigenitalis IMP-024 MTS
Taylorella equigenitalis TE-001 MTS
Taylorella equigenitalis IMP-034 MTS
Taylorella equigenitalis CEM09-12 MTS
Taylorella equigenitalis CEM09-25 MTS
Taylorella equigenitalis CEM09-28 MTS
Taylorella equigenitalis CEM78-10 MTS
Taylorella equigenitalis IMP-004 MTS
Taylorella equigenitalis CEM78-14 MTS
Taylorella equigenitalis IMP-006 MTS
Taylorella equigenitalis IMP-030 MTS
Taylorella equigenitalis TE-002 MTS
Taylorella equigenitalis CEM13-3 MTS
Taylorella equigenitalis CEM13-4 MTS
Taylorella equigenitalis CEM06-2 EUG
Taylorella equigenitalis CEM09-09 EUG
Taylorella equigenitalis CEM09-18 EUG
Taylorella equigenitalis CEM09-02 EUG
Taylorella equigenitalis CEM09-22 EUG
Taylorella equigenitalis CEM09-15 EUG
Taylorella equigenitalis CEM09-24 EUG
Taylorella equigenitalis CEM09-10 EUG
Taylorella equigenitalis CEM09-11 EUG
Taylorella equigenitalis CEM09-20 EUG
Taylorella equigenitalis CEM09-19 EUG
Taylorella equigenitalis IMP-028 EUG
Taylorella equigenitalis CEM09-14 EUG
Taylorella equigenitalis CEM09-17 EUG
Taylorella equigenitalis CEM11-1 EUG
Taylorella equigenitalis IMP-015 EUG
Taylorella equigenitalis IMP-029 EUG
Taylorella equigenitalis IMP-031 EUG
Taylorella equigenitalis IMP-005 EUG
Taylorella equigenitalis CEM13-3 EUG
Taylorella equigenitalis CEM78-01 EUG
Taylorella equigenitalis IMP-035 EUG
Taylorella equigenitalis CEM09-27 MTS
Taylorella equigenitalis ATCC-35865 MTS
   
   
   
   
   
 
 
 Taylorella equigenitalis CEM78-08 EUGTaylorella equigenitalis CEM78-09 EUG
Taylorella equigenitalis IMP-023 EUG
Taylorella equigenitalis CEM09-01 EUG
Taylorella equigenitalis CEM09-05 EUG
Taylorella equigenitalis CEM09-12 EUG
Taylorella equigenitalis CEM09-03 EUG
Taylorella equigenitalis CEM09-13 EUG
Taylorella equigenitalis CEM09-06 EUG
Taylorella equigenitalis CEM09-21 EUG
Taylorella equigenitalis CEM09-27 EUG
Taylorella equigenitalis IMP-001 EUG
Taylorella equigenitalis CEM09-28 EUG
Taylorella equigenitalis IMP-016 EUG
Taylorella equigenitalis CEM09-07 EUG
Taylorella equigenitalis CEM09-25 EUG
Taylorella equigenitalis CEM09-26 EUG
Taylorella equigenitalis CEM06-1 EUG
Taylorella equigenitalis IMP-021 EUG
Taylorella equigenitalis TE-003 EUG
Taylorella equigenitalis CEM06-3 EUG
Taylorella equigenitalis IMP-002 EUG
Taylorella equigenitalis IMP-003 EUG
Taylorella equigenitalis IMP-024 EUG
Taylorella equigenitalis IMP-007 EUG
Taylorella equigenitalis IMP-020 EUG
Taylorella equigenitalis CEM09-16 EUG
Taylorella equigenitalis CEM78-07 EUG
Taylorella equigenitalis CEM78-11 EUG
Taylorella equigenitalis CEM78-10 EUG
Taylorella equigenitalis IMP-012 EUG
Taylorella equigenitalis IMP-025 EUG
Taylorella equigenitalis IMP-027 EUG
Taylorella equigenitalis CEM13-1 EUG
Taylorella equigenitalis IMP-018 EUG
Taylorella equigenitalis IMP-004 EUG
Taylorella equigenitalis IMP-011 EUG
Taylorella equigenitalis TE-001 EUG
Taylorella equigenitalis IMP-017 EUG
Taylorella equigenitalis TE-002 EUG
Taylorella equigenitalis IMP-030 EUG
Taylorella equigenitalis CEM09-08 EUG
Taylorella equigenitalis IMP-022 EUG
Taylorella equigenitalis CEM78-05 EUG
Taylorella equigenitalis CEM78-02 EUG
Taylorella equigenitalis CEM78-04 EUG
Taylorella equigenitalis CEM78-06 EUG
Taylorella equigenitalis CEM13-2 EUG
Taylorella equigenitalis CEM13-4 EUG
Taylorella equigenitalis ATCC-35865 EUG
Taylorella equigenitalis IMP-036 EUG
Taylorella equigenitalis CEM78-12 EUG
Taylorella equigenitalis IMP-014 EUG
Taylorella equigenitalis IMP-009 EUG
Taylorella equigenitalis IMP-006 EUG
Taylorella equigenitalis IMP-010 EUG
Taylorella equigenitalis IMP-037 EUG
Taylorella equigenitalis CEM78-14 EUG
Taylorella equigenitalis IMP-008 EUG
Taylorella equigenitalis IMP-013 EUG
Taylorella equigenitalis IMP-033 EUG
Taylorella equigenitalis IMP-034 EUG
Taylorella equigenitalis IMP-026 EUG
Taylorella equigenitalis CEM78-03 EUG
Taylorella equigenitalis ATCC-49729 EUG
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
 
 
 
Figure 8: Zoomed image of Taylorella phylogenetic tree. 
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Figure 9: Phylogenetic tree of T. equigenitalis genomes generated using KSnp. Isolates from the 2008-2010 
outbreak are boxed in blue, isolates from the 2013 outbreak are boxed in green, IMP-004 is boxed in yellow, 
and TE-003 is boxed in red. Isolates 1-5 from 1978 are circled in blue, isolates 6-14 from 1978 are circled in 
yellow, IMP-002 is circled in red, and IMP-029 is circled in green. 
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1002003004005006007008009001000
Taylorella equigenitalis IMP-007 EUG
Taylorella equigenitalis IMP-017 EUG
Taylorella equigenitalis IMP-018 EUG
Taylorella equigenitalis IMP-020 EUG
Taylorella equigenitalis IMP-003 EUG
Taylorella equigenitalis IMP-024 EUG
Taylorella equigenitalis IMP-033 EUG
Taylorella equigenitalis IMP-008 EUG
Taylorella equigenitalis IMP-013 EUG
Taylorella equigenitalis IMP-026 EUG
Taylorella equigenitalis IMP-019 EUG
Taylorella equigenitalis CEM06-1 EUG
Taylorella equigenitalis CEM06-3 EUG
Taylorella equigenitalis CEM13-1 EUG
Taylorella equigenitalis CEM13-2 EUG
Taylorella equigenitalis CEM13-4 EUG
Taylorella equigenitalis IMP-023 EUG
Taylorella equigenitalis IMP-032 EUG
Taylorella equigenitalis IMP-022 EUG
Taylorella equigenitalis IMP-016 EUG
Taylorella equigenitalis IMP-021 EUG
Taylorella equigenitalis ATCC-49729 EUG
Taylorella equigenitalis IMP-015 EUG
Taylorella equigenitalis IMP-031 EUG
Taylorella equigenitalis CEM06-2 EUG
Taylorella equigenitalis CEM13-3 EUG
Taylorella equigenitalis CEM78-14 EUG
Taylorella equigenitalis TE-003 EUG
Taylorella equigenitalis IMP-001 EUG
Taylorella equigenitalis IMP-005 EUG
Taylorella equigenitalis IMP-010 EUG
Taylorella equigenitalis IMP-035 EUG
Taylorella equigenitalis IMP-036 EUG
Taylorella equigenitalis IMP-034 EUG
Taylorella equigenitalis IMP-037 EUG
Taylorella equigenitalis IMP-011 EUG
Taylorella equigenitalis TE-002 EUG
Taylorella equigenitalis ATCC-35865 EUG
Taylorella equigenitalis CEM78-12 EUG
Taylorella equigenitalis IMP-006 EUG
Taylorella equigenitalis TE-001 EUG
Taylorella equigenitalis IMP-014 EUG
Taylorella equigenitalis IMP-030 EUG
Taylorella equigenitalis CEM09-16 EUG
Taylorella equigenitalis CEM78-07 EUG
Taylorella equigenitalis CEM78-11 EUG
Taylorella equigenitalis CEM78-10 EUG
Taylorella equigenitalis IMP-012 EUG
Taylorella equigenitalis IMP-025 EUG
Taylorella equigenitalis IMP-027 EUG
Taylorella equigenitalis IMP-002 EUG
Taylorella equigenitalis IMP-009 EUG
Taylorella equigenitalis IMP-004 EUG
Taylorella equigenitalis CEM09-01 EUG
Taylorella equigenitalis CEM09-03 EUG
Taylorella equigenitalis CEM09-13 EUG
Taylorella equigenitalis CEM09-12 EUG
Taylorella equigenitalis CEM09-05 EUG
Taylorella equigenitalis CEM09-28 EUG
Taylorella equigenitalis CEM09-07 EUG
Taylorella equigenitalis CEM09-25 EUG
Taylorella equigenitalis CEM09-27 EUG
Taylorella equigenitalis CEM09-26 EUG
Taylorella equigenitalis CEM09-02 EUG
Taylorella equigenitalis CEM09-14 EUG
Taylorella equigenitalis CEM09-17 EUG
Taylorella equigenitalis CEM09-23 EUG
Taylorella equigenitalis CEM09-10 EUG
Taylorella equigenitalis CEM09-20 EUG
Taylorella equigenitalis CEM09-18 EUG
Taylorella equigenitalis CEM09-15 EUG
Taylorella equigenitalis CEM09-11 EUG
Taylorella equigenitalis CEM09-19 EUG
Taylorella equigenitalis CEM09-22 EUG
Taylorella equigenitalis CEM09-24 EUG
Taylorella equigenitalis CEM09-04 EUG
Taylorella equigenitalis CEM09-06 EUG
Taylorella equigenitalis CEM09-21 EUG
Taylorella equigenitalis CEM78-13 EUG
Taylorella equigenitalis IMP-028 EUG
Taylorella equigenitalis CEM09-08 EUG
Taylorella equigenitalis CEM09-09 EUG
Taylorella equigenitalis CEM10-1 EUG
Taylorella equigenitalis CEM13FL-1 EUG
Taylorella equigenitalis CEM78-08 EUG
Taylorella equigenitalis CEM78-09 EUG
Taylorella equigenitalis CEM11-1 EUG
Taylorella equigenitalis IMP-029 EUG
Taylorella equigenitalis CEM78-01 EUG
Taylorella equigenitalis CEM78-06 EUG
Taylorella equigenitalis CEM78-02 EUG
Taylorella equigenitalis CEM78-05 EUG
Taylorella equigenitalis CEM78-04 EUG
Taylorella equigenitalis CEM78-03 EUG
MSP Dendrogram
Distance Level
 
Figure 10: Biotyper 3 phylogenetic tree of T. equigenitalis Eugon MSPs without replicates. Isolates from the 
2008-2010 outbreak are boxed in blue, isolates from the 2013 outbreak are boxed in green. 
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Figure 11: Biotyper 3 phylogenetic tree of T. equigenitalis Eugon replicate MSPs. Replicates of 3 isolates from 
the 2008-2010 outbreak are shown in blue, replicates of 2 isolates from the 2013 outbreak are shown in green, 
replicates of IMP-004 are shown in yellow, and TE-003 in red.  
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Figure 12: Biotyper 3 phylogenetic tree of T. equigenitalis Eugon MSPs including replicate MSPs. Isolates and 
replicates from the 2008-2010 outbreak are shown in blue, isolates and replicates from the 2013 outbreak are 
shown in green, replicates of IMP-004 are shown in yellow, and replicates of TE-003 in red.  
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Figure 13: CCI analysis of CEM 1978 isolates. The white box denotes isolates 1-5 which represent a single 
discrete outbreak. The black box denotes isolates the second discrete outbreak in 1978 with 2 isolates that 
diverge genetically outlined in grey. 
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Figure 14: PCA dendrogram of CEM 1978 isolates. Blue circles denote isolates 1-5 which represent a single 
outbreak. Yellow circles denote isolates from the second discrete outbreak in 1978. The 2 isolates that diverge 
genetically are outlined in black. 
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Figure 15: CCI analysis of CEM 2008-2010 isolates with 3 unrelated T. equigenitalis isolates, IMP-002 (23), 
IMP-029 (26) and TE-003 (29). White boxes outline the 3 genetically distinct isolates.  
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Figure 16: PCA dendrogram of CEM 2008-2010 isolates plus outliers. Arrows represent genetic outlier isolates 
IMP-002 in red, IMP-029 in green, and TE-003 in yellow. All other isolates are from the 2008-2010 outbreak. 
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Table 1: Taylorella isolates used for analysis 
Organism Source Isolate Random 
# 
Taylorella equigenitalis CEM 1978 Streptomycin R CEM78-1 171 
Taylorella equigenitalis CEM 1978 Streptomycin R CEM78-2 122 
Taylorella equigenitalis CEM 1978 Streptomycin R CEM78-3 212 
Taylorella equigenitalis CEM 1978 Streptomycin R CEM78-4 170 
Taylorella equigenitalis CEM 1978 Streptomycin R CEM78-5 128 
Taylorella equigenitalis CEM 1978 Streptomycin R CEM78-6 195 
Taylorella equigenitalis CEM 1978 Streptomycin S CEM78-7 8 
Taylorella equigenitalis CEM 1978 Streptomycin S CEM78-8 108 
Taylorella equigenitalis CEM 1978 Streptomycin S CEM78-9 216 
Taylorella equigenitalis CEM 1978 Streptomycin S CEM78-10 33 
Taylorella equigenitalis CEM 1978 Streptomycin S CEM78-11 86 
Taylorella equigenitalis CEM 1978 Streptomycin S CEM78-12 211 
Taylorella equigenitalis CEM 1978 (1982) Streptomycin S CEM78-13 71 
Taylorella equigenitalis CEM 1978 (1982) Streptomycin S CEM78-14 83 
Taylorella equigenitalis CEM 2006 CEM06-1 217 
Taylorella equigenitalis CEM 2006 CEM06-2 130 
Taylorella equigenitalis CEM 2006 CEM06-3 13 
Taylorella equigenitalis CEM 2008-2010  CEM09-1 87 
Taylorella equigenitalis CEM 2008-2010  CEM09-2 205 
Taylorella equigenitalis CEM 2008-2010  CEM09-3 147 
Taylorella equigenitalis CEM 2008-2010  CEM09-4 117 
Taylorella equigenitalis CEM 2008-2010  CEM09-5 197 
Taylorella equigenitalis CEM 2008-2010  CEM09-6 120 
Taylorella equigenitalis CEM 2008-2010  CEM09-7 215 
Taylorella equigenitalis CEM 2008-2010  CEM09-8 152 
Taylorella equigenitalis CEM 2008-2010  CEM09-9 199 
Taylorella equigenitalis CEM 2008-2010  CEM09-10 29 
Taylorella equigenitalis CEM 2008-2010  CEM09-11 107 
Taylorella equigenitalis CEM 2008-2010  CEM09-12 168 
Taylorella equigenitalis CEM 2008-2010  CEM09-13 203 
Taylorella equigenitalis CEM 2008-2010  CEM09-14 207 
Taylorella equigenitalis CEM 2008-2010  CEM09-15 22 
Taylorella equigenitalis CEM 2008-2010  CEM09-16 124 
Taylorella equigenitalis CEM 2008-2010  CEM09-17 1 
Taylorella equigenitalis CEM 2008-2010  CEM09-18 10 
Taylorella equigenitalis CEM 2008-2010  CEM09-19 156 
Taylorella equigenitalis CEM 2008-2010  CEM09-20 174 
Taylorella equigenitalis CEM 2008-2010  CEM09-21 38 
Taylorella equigenitalis CEM 2008-2010  CEM09-22 75 
Taylorella equigenitalis CEM 2008-2010  CEM09-23 166 
Taylorella equigenitalis CEM 2008-2010  CEM09-24 148 
Taylorella equigenitalis CEM 2008-2010  CEM09-25 151 
Taylorella equigenitalis CEM 2008-2010  CEM09-26 132 
Taylorella equigenitalis CEM 2008-2010  CEM09-27 162 
 
59 
 
Table 1 Continued 
Organism Source Isolate Random 
# 
Taylorella equigenitalis CEM 2008-2010 CEM09-28 101 
Taylorella equigenitalis CEM 2010 CEM10-1 127 
Taylorella equigenitalis CEM 2011 CEM11-1 160 
Taylorella equigenitalis CEM 2013  CEM13-1 118 
Taylorella equigenitalis CEM 2013  CEM13-2 191 
Taylorella equigenitalis CEM 2013  CEM13-3 218 
Taylorella equigenitalis CEM 2013  CEM13-4 35 
Taylorella equigenitalis CEM 2013 Florida CEM13FL-1 27 
Taylorella equigenitalis Import Germany 1981 Import-1 164 
Taylorella equigenitalis Import Germany 1985 Import-2 213 
Taylorella equigenitalis Import Germany 1989 Import-3 154 
Taylorella equigenitalis Import Austria 1992 Import-4 68 
Taylorella equigenitalis Import Germany 1994 Import-5 39 
Taylorella equigenitalis Import Norway 1996 Import-6 70 
Taylorella equigenitalis Import Germany 1998 Import-7 56 
Taylorella equigenitalis Import Germany 1998 Import-8 104 
Taylorella equigenitalis Import Germany 1998 Import-9 172 
Taylorella equigenitalis Import Germany 1998 Import-10 173 
Taylorella equigenitalis Import Netherlands 1998 Import-11 43 
Taylorella equigenitalis Import Belgium 1998 Import-12 57 
Taylorella equigenitalis Import Germany 1999 Import-13 88 
Taylorella equigenitalis Import Germany 2000 Import-14 115 
Taylorella equigenitalis Import Germany 2000 Import-15 16 
Taylorella equigenitalis Import UK via Germany 2000 Import-16 112 
Taylorella equigenitalis Import France via Netherlands 2001 Import-17 214 
Taylorella equigenitalis Import Germany 2001 Import-18 5 
Taylorella equigenitalis Import Germany 2001 Import-19 131 
Taylorella equigenitalis Import Germany 2001 Import-20 202 
Taylorella equigenitalis Import Germany/Slovakia 2001 Import-21 193 
Taylorella equigenitalis Import Germany 2002 Import-22 73 
Taylorella equigenitalis Import Austria 2002 Import-23 19 
Taylorella equigenitalis Import Belgium 2002 Import-24 61 
Taylorella equigenitalis Import Germany 2003 Import-25 81 
Taylorella equigenitalis Import Germany 2003 Import-26 158 
Taylorella equigenitalis Import Denmark 2003 Import-27 63 
Taylorella equigenitalis Import Netherlands 2004 Import-28 176 
Taylorella equigenitalis Import Netherlands 2004 Import-29 25 
Taylorella equigenitalis Import Netherlands 2005 Import-30 209 
Taylorella equigenitalis Import Germany 2007 Import-31 85 
Taylorella equigenitalis Import Austria 2006 Import-32 103 
Taylorella equigenitalis Import Germany 2009 Import-33 175 
Taylorella equigenitalis Import Netherlands 2013 Import-34 65 
Taylorella equigenitalis Import Netherlands 2013 Import-35 80 
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Table 1 Continued 
Organism Source  Isolate Random 
# 
Taylorella equigenitalis Import Netherlands 2013 Import-36 41 
Taylorella equigenitalis Import Netherlands 2013 Import-37 110 
Taylorella equigenitalis Reference ATCC 35865 31 
Taylorella equigenitalis Reference ATCC 49729 44 
Taylorella equigenitalis Reference TE-001 77 
Taylorella equigenitalis Reference TE-002 129 
Taylorella equigenitalis Reference TE-003 59 
Taylorella asinigenitalis California 1997 TA-1 90 
Taylorella asinigenitalis Kentucky 1998 TA-2 137 
Taylorella asinigenitalis Kentucky 1998 TA-3 180 
Taylorella asinigenitalis Kentucky 1998 TA-4 49 
Taylorella asinigenitalis Kentucky 1998 TA-5 95 
Taylorella asinigenitalis Kentucky 1998 TA-6 50 
Taylorella asinigenitalis Kentucky 1998 TA-7 7 
Taylorella asinigenitalis Kentucky 1998 TA-8 96 
Taylorella asinigenitalis Kentucky 1998 TA-9 4 
Taylorella asinigenitalis Kentucky 1998 TA-10 2 
Taylorella asinigenitalis Kentucky 1998 TA-11 94 
Taylorella asinigenitalis Michigan 2007 TA-12 23 
Taylorella asinigenitalis Michigan 2007 TA-13 93 
Taylorella asinigenitalis Michigan 2007 TA-14 46 
Taylorella asinigenitalis Michigan 2007 TA-15 177 
Taylorella asinigenitalis Michigan 2007 TA-16 89 
Taylorella asinigenitalis Michigan 2007 TA-17 139 
Taylorella asinigenitalis Michigan 2007 TA-18 20 
Taylorella asinigenitalis Michigan 2007 TA-19 51 
Taylorella asinigenitalis Michigan 2007 TA-20 135 
Taylorella asinigenitalis Michigan 2007 TA-21 11 
Taylorella asinigenitalis Michigan 2007 TA-22 91 
Taylorella asinigenitalis Michigan 2007 TA-23 181 
Taylorella asinigenitalis Michigan 2007 TA-24 183 
Taylorella asinigenitalis Michigan 2007 TA-25 134 
Taylorella asinigenitalis Michigan 2007 TA-26 140 
Taylorella asinigenitalis Michigan 2007 TA-27 133 
Taylorella asinigenitalis Michigan 2007 TA-28 45 
Taylorella asinigenitalis Michigan 2007 TA-29 138 
Taylorella asinigenitalis Michigan 2007 TA-30 179 
Taylorella asinigenitalis Michigan 2007 TA-31 136 
Taylorella asinigenitalis Michigan 2007 TA-32 92 
 
61 
 
Table 1 Continued 
Organism Source Isolate Random 
# 
Taylorella asinigenitalis Michigan 2007 TA-33 17 
Taylorella asinigenitalis Michigan 2007 TA-34 182 
Taylorella asinigenitalis Michigan 2007 TA-35 52 
Taylorella asinigenitalis Michigan 2007 TA-36 178 
Taylorella asinigenitalis Export 2009 TA-37 48 
Taylorella asinigenitalis Export 2012 TA-38 14 
Taylorella asinigenitalis California 1997 ATCC 700933 47 
 
Table 2: Non-Taylorella isolates used for analysis 
Organism Isolate ID Random # 
Achromobacter species  88-380 123 
Achromobacter xylosoxidans 27061 155 
Achromobacter xylosoxidans BI-1043 66 
Achromobacter xylosoxidans  89-800 109 
Acinetobacter species 16-119 67 28 
Alcaligenaceae 12-234 32 
Alcaligenaceae 12-236 72 
Alcaligenaceae 14-242 67 
Alcaligenaceae 15-089 165 
Alcaligenes faecalis BI-216 185 
Alcaligenes faecalis  BI-001 54 
Alcaligenes faecalis  CDC 1782 12 
Alcaligenes faecalis  CDC 496 34 
Alcaligenes faecalis  P 4616 9 
Alcaligenes xylosoxidans BI-1231 142 
Arcanobacter species 13-403 58 
Bacillus species C-25 76 
Bordetella avium  BI-1272 30 
Bordetella avium  BI-214 187 
Bordetella avium  BI-461 157 
Bordetella avium  BI-930 21 
Bordetella bronchiseptica  BI-1161 163 
Bordetella bronchiseptica  BI-435 42 
Bordetella bronchiseptica  BI-442 190 
Bordetella bronchiseptica  BI-968 24 
Bordetella bronchiseptica  C-16 98 
Bordetella hinzii  BI-1173 53 
Brachybacterium faecium 16-119 68 64 
Brevibacterium luteolum 15-292 18 
Burkholderia species 11-188 194 
Burkholderiales 08-021 6 
Cellulosimicrobium species 11-326 84 
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Table 2 Continued 
Organism Isolate ID Random # 
Cellvibrio species 12-055 119 
Comamonas species 89-542 196 
Corynebacterium species C-17 167 
Enterobacter aerogenes C-24 198 
Enterococcus asini  C-9 161 
Enterococcus casseliflavus C-23 159 
Enterococcus faecalis C-13 15 
Kocuria carniphile 16-119 82 
Lysobacter soli 12-202 74 
Microbacteriacea C-7 208 
Micrococcus species 12-269 36 
Microvirga species 08-227 169 
Moraxella ovis 16-163 206 
Oligella species 05-197 141 
Oligella species 12-1875 79 
Oligella species 12-285 84 114 
Oligella ureolytica 12-285 83 126 
Oligella ureolytica BI-1295 78 
Oligella urethralis 10-523 37 
Oligella urethralis 12-151 201 
Oligella urethralis 14-367 51 192 
Oligella urethralis 15-322 111 
Oligella urethralis ATCC 43535 121 
Oligella urethralis C-21 97 
Oligella urethralis  10-523 37 
Oligella urethralis  13-123 3 
Oligella urethralis  BI-590 149 
Opitutaceae 15-324 113 
Oxalobacteraceae 11-535 102 
Pelistega europaea  00-396 184 
Pelistega europaea  BI-1271 204 
Closest to Petrimonas species 16-223 189 
Propionibacterium species C-6 210 
Pseudomonas oryzihabitans 14-285 18 99 
Pseudomonas species 92-1021 62 
Puniceicoccales 16-177 188 
Sphingomonas koreensis C-4 125 
Staphylococcus aureus C-22 153 
Staphylococcus capitis C-14 145 
Staphylococcus epidermidis C-18 40 
Staphylococcus species C-8 60 
Staphylococcus warneri C-35 186 
Staphylococcus xylosus C-12 26 
Closest to Suttonella species 14-367 52 200 
Truperella pyogenes 14-285 19 116 
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Table 3: Extraction methods 
Method 
# Method Name Type Organism Method Ref Modifications 
1 UW E Mycobacterium Mather et al. 2013  [89] None 
2 None E Mycobacterium Bruker Daltonik 2013  [90] None 
3 None R Yeast De Carolis et al. 2014  [91] None 
4 None E Fungal Lau et al. 2013  [92] None 
5 HTEM E Nocardia Segawa et al. 2015   [77] None 
6a NECLC 
E 
Nocardia Segawa et al. 2015   [77] 
0.5 mm silica 
beads 
6b NECLC 
E 
Nocardia Segawa et al. 2015   [77] 
0.1 mm silica 
beads 
7a  None R Yeast Fraser et al. 2016  [93] No formic acid 
7b  None R Yeast Fraser et al. 2016  [93] None 
8 Direct Transfer R Bacteria Bruker Daltonik 2011  [94] None 
9 
Extended Direct 
Transfer R Bacteria Bruker Daltonik 2012  [95] 
None 
10 
Tube Formic 
Acid E Bacteria Bruker Daltonik 2012  [95] 
None 
E: Protein extraction method   R: Rapid on-target extraction method 
 
Table 4: Media comparison isolates 
Used for Organism Isolate WGS group PFGE type 
MSP Taylorella asinigenitalis TA-006 1  n/a 
MSP Taylorella asinigenitalis TA-017 4  n/a 
MSP Taylorella asinigenitalis TA-025 5  n/a 
MSP Taylorella asinigenitalis TA-030 3  n/a 
Test Taylorella asinigenitalis ATCC 700933 8  n/a 
Test Taylorella asinigenitalis TA-001 6  n/a 
Test Taylorella asinigenitalis TA-002 1  n/a 
Test Taylorella asinigenitalis TA-012 4  n/a 
Test Taylorella asinigenitalis TA-014 7  n/a 
Test Taylorella asinigenitalis TA-023 5  n/a 
Test Taylorella asinigenitalis TA-037 3  n/a 
Test Taylorella asinigenitalis TA-038 2  n/a 
MSP Taylorella equigenitalis IMP-004 7 TE011 
MSP Taylorella equigenitalis IMP-006 10 TE022 
MSP Taylorella equigenitalis IMP-011 2 TE014 
MSP Taylorella equigenitalis IMP-030 11 TE016 
MSP Taylorella equigenitalis TE-001 9 TE003 
MSP Taylorella equigenitalis TE-002 1 TE018 
Test Taylorella equigenitalis CEM06-1 6 TE020 
Test Taylorella equigenitalis CEM09-01 10 TE004 
Test Taylorella equigenitalis CEM10-01 5 TE021 
Test Taylorella equigenitalis CEM13-1 7 TE023 
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Table 4 Continued 
Used for Organism Isolate WGS group PFGE type 
Test Taylorella equigenitalis CEM78-01 8 TE008 
Test Taylorella equigenitalis CEM78-07 9 TE003 
Test Taylorella equigenitalis IMP-001 4 TE009 
Test Taylorella equigenitalis IMP-002 11 TE016 
Test Taylorella equigenitalis IMP-012 2 TE017 
Test Taylorella equigenitalis IMP-028 12 TE005 
Test Taylorella equigenitalis IMP-035 1 TE024 
Test Taylorella equigenitalis TE-003 3 TE007 
 
Table 5: Additional media tested 
Media Source Day tested 
Eugon agar with 10% chocolated horse blood (Eugon) NVSL 2 
Modified Timoney-Shin Agar (MTS) NVSL 2 
Chocolate Eugon Agar (Eugon) Biomed Diagnostics 2 
Timoney's CEM Agar (MTS) Biomed Diagnostics 2 
Cysteine Heart Agar with 5% Rabbit Blood NVSL 2 
Chocolate Agar Remel 2 
Blood Agar Remel 4 
Colombia Agar with 5% sheep blood NVSL 4 
 
Table 6: Replicate T. equigenitalis MSPs for phylogenetic tree evaluation 
Source Isolate # MSPs 
CEM 2008-2010 investigation CEM09-11 9 
CEM 2008-2010 investigation CEM09-16 10 
CEM 2008-2010 investigation CEM09-26 5 
CEM 2013 investigation CEM13-3 5 
CEM 2013 investigation CEM13-4 5 
Import Austria 1992 Import-4 5 
Reference TE-003 5 
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Table 7: Paired mean scores by method and media type 
Library Eugon MTS 
Organism Method Media Mean SD Mean SD 
T. equigenitalis 
10 
Eugon 2.54 0.16 2.32 0.16 
MTS 2.39 0.11 2.57 0.1 
8 
Eugon 2.3 0.11 2.11 0.14 
MTS 2.16 0.2 2.24 0.21 
T. asinigenitalis 
10 
Eugon 2.5 0.11 2.33 0.16 
MTS 2.28 0.2 2.4 0.25 
8 
Eugon 2.27 0.18 2.07 0.24 
MTS 2.23 0.19 2.25 0.23 
 
Table 8: Comparison of custom and commercial BDAL library scores for T. asinigenitalis 
Media Eugon Modified Timoney-Shin All 
Method EDT DT TFA EDT DT TFA All 
Custom Library Mean Score 2.401 2.412 2.578 2.424 2.518 2.686 2.503 
BDAL Library mean score 1.713 1.797 1.788 1.794 1.966 2.076 1.856 
Mean difference 0.687 0.615 0.789 0.630 0.551 0.610 0.647 
Standard deviation 0.176 0.193 0.227 0.147 0.156 0.125 0.188 
Species sensitivity BDAL 3% 18% 21% 13% 41% 79% 29% 
Genus sensitivity BDAL 54% 72% 64% 77% 95% 100% 77% 
EDT: Extended direct transfer, method 9 
DT: Direct transfer, method 8 
TFA: Tube formic acid, method 10 
 
Table 9: Comparison of custom and commercial BDAL library scores for T. equigenitalis 
Media Eugon Modified Timoney-Shin All 
Method EDT DT TFA EDT DT TFA All 
Custom Library Mean Score 2.484 2.502 2.685 2.478 2.515 2.723 2.564 
BDAL Library mean score 2.059 2.109 2.127 2.133 2.189 2.267 2.146 
Mean difference 0.425 0.394 0.558 0.345 0.325 0.456 0.418 
Standard deviation 0.121 0.127 0.078 0.196 0.125 0.091 0.149 
Species sensitivity BDAL 68% 81% 96% 83% 88% 98% 86% 
Genus sensitivity BDAL 99% 100% 100% 98% 97% 100% 99% 
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Table 10: Comparison of custom and abbreviated custom library scores for T. asinigenitalis 
Media Eugon Modified Timoney-Shin All 
Method EDT DT TFA EDT DT TFA All 
Custom Library Mean Score 2.401 2.412 2.578 2.424 2.518 2.686 2.503 
Abbreviated library mean score 2.384 2.380 2.499 2.376 2.472 2.655 2.461 
Mean difference 0.034 0.036 0.071 0.054 0.049 0.046 0.048 
Standard deviation 0.039 0.055 0.049 0.035 0.043 0.047 0.045 
Species sensitivity Abbreviated 100% 100% 100% 93% 100% 100% 99% 
Genus sensitivity Abbreviated 100% 100% 100% 100% 100% 100% 100% 
 
Table 11: Comparison of custom and abbreviated custom library scores for T. equigenitalis 
Media Eugon Modified Timoney-Shin All 
Method EDT DT TFA EDT DT TFA All 
Custom Library Mean Score 2.484 2.502 2.685 2.478 2.515 2.723 2.564 
Abbreviated library mean score 2.439 2.460 2.639 2.412 2.449 2.665 2.511 
Mean difference 0.050 0.049 0.044 0.062 0.057 0.059 0.054 
Standard deviation 0.038 0.037 0.039 0.054 0.054 0.040 0.044 
Species sensitivity Abbreviated 99% 100% 100% 94% 97% 100% 98% 
Genus sensitivity Abbreviated 100% 100% 100% 100% 100% 100% 100% 
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